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Abstract 
The major challenges in power systems are driven by the energy shortage and 
environmental concerns, namely facilitating the penetration of renewable energy and 
improving the efficiency of the renewable sources. Due to the variable nature of 
renewables, the generated power profile may not be able to match the load requirement. 
Accordingly, much attention has been focused on the development of energy storage 
technologies to guarantee renewable power penetration. Recently, advances in the 
superconducting energy storage system (SMES) have made SMES/battery hybrid 
energy storage systems (HESS) technically attractive. Compared with other energy 
storage technologies, the principle advantages of SMES are: the high power density, 
unlimited cycle-life and high peak current handling capacities. However, SMES has 
low energy density. The battery is characterised by large energy density, but low power 
capacity. In renewable energy systems, high-frequency power fluctuations will cause a 
significant degree of battery power cycling. This, in turn, has been shown to lead to a 
significant reduction in battery service life. Therefore, the concept of the SMES/battery 
hybrid energy storage is proposed by combining two kinds of complementary energy 
storages, achieving an optimised system which has the advantages of both primary 
energy storage systems (ESS) meanwhile complementing the disadvantages of each 
ESS. 
However, the fields of the implementation and optimisation of the proposed hybrid 
system are relatively new and with challenges remaining in the power management 
design, the optimal sizing study and the control of the HESS. The main contributions 
of this project that the thesis introduces are the detailed development and assessment of 
the SMES/battery HESS with the related power management, system sizing, synergetic 
control and quantitative evaluation. 
To achieve the active combination of two kinds of ESSs, an overall power management 
integrating the different characteristics of SMES and battery is absolutely essential. 
 ii 
Three kinds of power management methods, therefore, are developed to be used in 
different power applications and analysed in respect of their strengths and weaknesses.  
A novel hybrid energy storage sizing method is developed, which is able to return an 
optimal matching of the SMES and the battery. The different energy and power 
demands for the battery and the SMES are considered in the sizing method. Moreover, 
the proposed sizing method is proved to be able to address the SMES oversize problem. 
The synergistic control of the battery and the SMES is the key factor to achieve the 
expected power management in the power systems. A new kind of droop control is, 
therefore, developed in this study, which effectively co-ordinates the operation of the 
different storage technologies such that they complement each other. In addition, the 
droop coefficients for both the SMES and the battery are more carefully determined 
using the system operating constraints and the energy storage capacities, which makes 
the control method more efficient. 
The proposed SMES and battery hybrid energy storage scheme, together with its control 
method, is tested by both simulation and experiment. The real-time computing 
capability of the Real-Time Digital Simulator (RTDS) makes it possible for the HESS 
system to be interfaced with the outside hardware. To verify the proposed HESS scheme 
with the new control method experimentally, a hardware-in-the-loop (HIL) test 
platform is developed coupling with the RTDS. The experimental results show that the 
presented control method is able to exploit the different characteristics of the ESSs and 
optimise the power-sharing between the SMES and the battery. Additionally, the 
battery in the experiment is protected from the continual short-term charge/discharge 
cycles and abrupt power changes and, as a result, the battery lifetime is improved. 
In order to evaluate the improvement of the battery lifespan in the proposed hybrid 
scheme, a novel battery lifetime model is developed. The new battery lifetime model 
advances previous ones by taking the battery discharge rate into account, returning a 
more accurate evaluation. Quantitative analysis of the battery lifetime extension is 
carried out in this thesis to investigate the long-term performance of the battery in the 
simulation environment. In the case study, the battery lifetime is extended from 6.2 
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years in the battery only system to 8.7 years in the SMES/battery HESS, which further 
highlights the benefits of hybridisation. 
Graphical Abstract 
 
The graphical abstract shown above highlights the primary contributions of this thesis. 
Firstly, three kinds of algorithms and methods are developed as the foundation of this 
thesis in respect of the system power management, the energy storage sizing study and 
the HESS control. Then, the methods are verified at system level by both experiment 
and simulation. An RTDS&HIL platform is developed to give the experimental 
performance of the proposed hybrid design. A novel battery lifetime model is also 
presented to analyse the battery performance in the HESS quantitatively. Finally, the 
proposed five parts of the works tell the whole story about the design and assessment 
of the SMES and the battery hybrid energy storage system.  
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𝑉𝑆𝑀𝐸𝑆 SMES voltage 
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∆𝑃 power increment for SMES sizing study 
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Chapter 1 Introduction 
1.1 Thesis background 
The major challenges in power systems are driven by environmental concerns, such as 
the carbon emissions and the energy crisis [1]. A general realisation has been reached 
that significant efforts need to be made to boost renewable energy. However, variability 
and intermittency are key inherent characteristics of renewable resources, which means 
the renewable sources may not be able to provide a high-quality power supply and 
immediate response to the demand [2]. Therefore, the increasing growth of renewable 
applications means more severe stability problems in power grids [3]. Energy storage 
systems, ESSs, have the potential to play a significant role in expanding the penetration 
and permitting fuller utilisation of renewable power generation [4-8]. 
Energy storage technology refers to the process of converting the energy (mainly 
electrical energy) to a form that can be stored for converting back to electrical energy 
when needed [1, 2]. Previous work has shown the different functions of ESSs, including 
power balancing [3, 4], frequency control [5], voltage control [6], oscillation damping 
[7], etc. Various kinds of ESSs have been designed and widely demonstrated in 
renewable power applications [8-12]. Battery energy storage systems have high 
efficiency, large energy density and elevated levels of robustness and are, therefore, a 
desirable component used in renewable power generation.  
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However, a battery has a limited number of charge/discharge cycles, which limits its 
service life [2, 13]. The operating stress is particularly onerous when batteries are used 
with renewable sources since they are subjected to many short-term charge/discharge 
cycles and high transient current levels [14, 15]. To address these problems, the pairing 
of complementary storage technologies to form a hybridised energy storage system has, 
therefore, become the focus of recent research. For example battery storage hybridised 
with supercapacitors has been widely investigated in many power applications, with the 
benefits shown to be improved system response speed and the extension of battery 
lifetimes. Compared with supercapacitors, superconducting magnetic energy storage 
has higher power density, lower self-discharge rate and higher peak current handling 
capabilities [7, 16-18]. Despite these advantages, few studies focus on the 
SMES/battery HESS because of the lack of SMES technology. However, with the 
continuous development of superconductive material, some recent studies have shown 
positive cost-benefit analysis of SMES [19-21] and SMES/battery HESS [14, 22]. An 
active combination of the SMES and the battery could produce an optimal HESS that 
yields various advantages over each single ESS, including higher power capacity, 
higher energy density, peak current handling capacity, an extension of service lifetime, 
etc. [23-26]. 
However, less work has been done to investigate the SMES/battery hybrid energy 
storage scheme and its matched power-sharing strategy, sizing algorithm and the 
control method. Hence, to ensure the optimal utilisation of the SMES and the battery 
HESS, this thesis describes the detailed development and assessment of the 
SMES/battery HESS. 
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1.2 Research motivation 
The research motivations mainly come from the mismatch between the increasingly 
growing opportunities for the SMES/battery HESS and the lack of related technologies 
for design and operation of the SMES/battery HESS. Furthermore, the extension of the 
battery lifetime is one of the key merits of the proposed SMES/battery hybrid design. 
The quantitative analysis of the improvement of the battery lifespan in the HESS is, 
therefore, very necessary in this study. Consequently, it leads to the other motivation of 
this study, which is to create a battery lifetime prediction method.  
1.2.1 The growing opportunities for the HESS 
A. Renewable energy and the HESS 
Significant changes in the structure of the world energy market have been observed in 
recent years. Although fossil fuels are still the main resource to generate electricity on 
a global scale, the past few decades have witnessed a remarkable development of 
renewable energies. A great many targets and policies are set by worldwide 
governments to encourage the blossoming of renewable energy. According to the 
Electricity Ten Year Statement published by the National Grid in Great Britain, the 
renewable energy will make up 15% of energy consumed across the UK by 2020, and 
the target for the European Union is 20% [27]. However, characterised as intermittent 
and variable power sources, the renewable generation presents a significant challenge 
in the operation of today’s power systems, because renewable power generations are 
unlikely to match the load requirement [1]. Hence, the increasing penetration of the 
renewable energy is challenging stabilities and reliabilities of the current power systems. 
Endeavours have been made in searching for effective solutions, and the energy storage 
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technologies are believed to be the most promising approaches [1, 2, 10, 17]. Many 
different kinds of energy storage devices are currently available for renewable power 
generations. There are distinct advantages and disadvantages with each kind of ESS, 
and, normally, a single type of energy storage can hardly meet all the requirements in 
the renewable generations. Hence, the combination of different kinds of ESSs is a 
creative idea that may make an optimal hybrid energy storage system that has better 
performance in renewable generations than either ESS. 
B. Electrical vehicles and the HESS  
In many metropolises, the particulates which generate toxic haze and adversely affect 
human health are mainly caused by burning of fossil fuels in vehicles [28]. The use of 
Electric Vehicles (EV) is believed to be a possible solution for fossil fuels; insufficiency 
and environmental issues [29]. Also, the increasing development of  EV technology 
will significantly reduce  CO2 emissions. Many countries have established targets for 
EV development and encourage residents to use electrical cars. Rechargeable batteries 
are widely used as energy sources for EVs [25, 29, 30]. However, batteries are 
challenged with limited life-cycles, sensitivity to high discharge current and low power 
density, which has provided the impetus to develop additional solutions [16, 25, 31, 32]. 
Also, since operation conditions (start, accelerate, brake, etc.) change fast and 
irregularly, batteries used in EVs are always required to meet an instantaneous power 
demand and, under such conditions, the battery will undergo many irregular 
charge/discharge cycles, which will decrease battery service time [33]. Hybrid energy 
storage schemes such as the SMES/battery HESS provide an ideal solution to address 
such problems. A SMES system working as a power buffer is able to deliver a huge 
amount of power in a short time, which is ideal for the motor start, accelerate and brake 
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processes, hence, improving the battery lifetime. Meanwhile, the battery also performs 
as an energy buffer to the SMES for long-term operation requirement. 
1.2.2 Lack of the methodological approaches to the SMES/battery HESS 
The SMES and battery hybrid energy storage scheme is a relatively new concept, and 
little work has been done to investigate the design, control and operation of the HESS 
at the system level. The deficiencies in the methodological approaches to the 
SMES/battery HESS mainly lie in three areas: 
 The power management strategy (PMS).  
To fulfil the active combination of two kinds of ESSs, an overall power 
management strategy designed based on the different characteristics of SMES 
and battery is needed.  
 The sizing method of the SMES/battery HESS. 
The main function of the HESS is to compensate the unbalanced power between 
the generation and the load demand. To fulfil this basic function, as well as to 
obtain an optimal capacity of energy storage devices, a sizing study is essential. 
The sizing study of the SMES/battery hybrid energy storage is very complicated.  
 The synergetic control method for the SMES/battery HESS. 
Power balancing is the major challenge for the efficient use of the HESS. The 
control of the HESS is the key factor to achieve the expected power 
managements and distributions. In the hybrid energy storage scheme, the 
synergetic control method is needed to effectively co-ordinate operation of two 
storage technologies so that they complement each other. 
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1.2.3 Lack of battery lifetime prediction model 
Batteries are regarded one of the propular energy storage. However, it is generally 
agreed that batteries are the most important, but weakest, parts in the long-term 
operation of an energy storage project [34]. Batteries have a significant impact on the 
budget when taking the whole life cost, replacement and maintenance into account [34]. 
Battery lifetime prediction is necessary for this study since the extension of battery 
lifetime is one of the main advantages of the HESS. 
A quantitative analysis of the battery lifetime improvement is an essential process to 
evaluate the effectiveness of the SMES/battery HESS. Various kinds of battery-life 
models are available. However, the capacity fading mechanism is so complicated that 
it is hard to create a practical model which considers the extreme non-linearity of many 
underlying ageing processes [35]. Experiments have been done by Bindner [34] aiming 
to compare several battery life models, and the results showed that the cycle counting 
algorithm generates a relatively more accurate prediction. The method of cycles 
counting has already been employed in battery lifetime estimation applications [34, 36, 
37]. However, the previous works simply counted the number of cycles in each level of 
depth of discharge (DOD, refers to the extent to which batteries are discharged). This 
means that the conventional battery life model only regarded the range of DOD of each 
cycle as the factor related to battery lifetime, but neglected other factors, such as 
discharge rate, which has a significant influence on battery degradation. Therefore, a 
new battery lifetime model which quantifies the effect of both the battery 
charge/discharge cycles and discharge rate is needed. 
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1.3 The challenges and contributions of the thesis 
1.3.1 Power management strategy for the HESS 
Power management strategy is not a new concept in the power systems. In the 
traditional power system, the PMS refers to the method by which the power is 
dispatched and the power flow is controlled [38]. Power management strategy is 
essential for the HESS to enhance its primary advantage, whereby different ESSs come 
into action in respect of various power requirements. Furthermore, when the HESS is 
applied in complex conditions and works together with many other power devices, the 
PMS is the determinant factor to ensure the sound operation of the HESS. Song et al. 
in [39] and Zhang et al. in [40] introduced the PMS of the battery and SC HESS to be 
used in the electrical vehicles with the benefit of improving the EV’s mile-range. The 
PMS for the HESS is also studied in terms of its application in the microgrid, as 
described in [41-43]. However, to the author’s best knowledge, there is no published 
work which gives a guidance of the PMS for the SMES and battery hybrid scheme. 
Therefore, this highlights one of the main contributions of this thesis in that PMSs are 
developed for the first time to be used for the SMES and battery HESS. The PMSs are 
summarised in three categories: frequency-dominant PMS, SMES fully active PMS and 
the power-dominant PMS. The typical applications of these PMSs are also discussed 
with respect to their advantages and disadvantages. 
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1.3.2 The sizing study  
The main function of the proposed hybrid energy storage system is to compensate the 
unbalanced power between the generation and the load demand. Therefore, in aiming 
to obtain an optimal capacity of energy storage devices, the sizing study is very 
necessary. The sizing study of the SMES/battery hybrid energy storage is very 
complicated. Both the essential functions and functional complementation between 
ESSs need to be considered in the sizing method. Fewer published works can be found 
to describe the sizing problem for a hybrid energy storage system. The hybrid energy 
storage is introduced in many works on renewable generations [11, 44], microgrid [45, 
46] and transportation [16, 40], but there is not a critical sizing method for the HESS. 
The battery and the supercapacitor hybrid scheme is investigated in electrical vehicle 
applications [40, 47, 48]. In these works, the capacities for the ESSs in the HESS are 
given, but a sizing study is not introduced. 
Anther contribution of this study lies in the development of a new kind of sizing method 
for the SMES and battery HESS. In the new method, the battery and the SMES work 
together as an overall module to satisfy both the energy and power constraints, whereas 
neither the SMES nor the battery needs to meet all the system constraints. As a 
consequence, the novelty of this sizing method is reflected in two aspects. Firstly, the 
battery and the SMES can be sized according to their own merits rather than restricted 
by system constraints. Secondly, the energy/power requirements for the signal ESS are 
more flexible, which means the capacity requirement of the ESS may be reduced. 
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1.3.3 The control method for the HESS. 
The control of the battery and the SMES is the key factor to achieve the expected power 
management and distribution in power applications. For the single energy storage 
technology used in the power system, the charge/discharge demands for the single ESS 
are very straightforward. However, in the hybrid energy storage scheme, the control 
task is much more complicated, because the control needs to effectively combine the 
harmonious operation of two storage technologies such that they complement each 
other. 
Droop control, which is able to take advantage of various kinds of power sources to 
match different load demands, is very appropriate to control the power sharing between 
the SMES and the battery. In this study, a new control method is developed by a novel 
use of the droop control method. The advantages of the proposed control are reflected 
in the following aspects: 
 The SMES and the battery work together to meet both the energy and power 
demand. 
 Able to arrange the charge and discharge priority of the SMES and the battery 
in different situations. For example, the SMES in the HESS is expected to act 
preferentially to satisify the short-term high power requirement. 
 Able to protect the battery from the frequent charge/discharge processes  
This control method is, therefore, anther important contribution of this thesis. 
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1.3.4 Quantitative analysis of the battery lifetime extension 
By integrating the battery with the SMES, the battery lifespan can be greatly improved, 
which is one of the key merits of the HESS. Qualitative analysis is not difficult as it can 
be observed from either experiment or simulation that the battery is protected by the 
SMES from the high-rate of discharge. In fact, many works [16, 44, 46, 47, 49] have 
already studied battery life extension in the HESS scheme. However, in these works, it 
cannot be found as to what degree the battery lifetime is extended. In other words, the 
battery lifetime improvements in these studies are not quantified. However, in aiming 
to evaluate the HESS performance, quantitative analysis of the battery lifetime 
extension is very necessary. Therefore, to fill this gap, the contributions of this thesis 
are reflected in the following two areas: 
 A novel battery lifetime model is developed and introduced in this thesis. This 
model is particularly designed for the HESS and able to link both the 
charge/discharge cycles and the battery currents with the battery degradation 
process.  
 By using the novel battery lifetime model, the improvement of the battery 
lifespan in the HESS is evaluated in this thesis. In the case study shown in 
Chapter 8, the battery service time is improved from 6.2 years to 8.7 years, 
which is very meaningful in the energy storage project.  
1.3.5 The RTDS and HIL experimental platform  
A synergetic control method is developed to achieve the complementary performance 
of the SMES and the battery. A real-time experiment is important to verify the proposed 
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HESS and its control method. In the final case study, the proposed SMES/battery HESS 
was designed to be used in the domestic power system, but it is very difficult to build a 
real domestic power system in the laboratory environment at the University of Bath. 
The Real Time Digital Simulator, which has real-time computing capability, is regarded 
as a very effective tool for the experimental verification of power systems. Also, the 
signals and measurements in the RTDS are real-time data, which make it possible to 
interface with the external hardware/devices. By adopting these advantages of the 
RTDS, a new experimental platform in established in this study. The real-time power 
system is built in the RTDS, and all the control methods are implemented in the outside 
hardware (DSP 28335 in this study). The real-time data generated from the RTDS are 
sent to the outside DSP, and the DSP will generate the physical signals (PWM signals) 
back to the system in the RTDS. In this way, the RTDS, together with the DSP control 
board, forms a hardware in the loop (HIL) test circuit which is used to test the control 
algorithm. 
1.4 Thesis outline 
The rest of the thesis is organised as follows: 
Chapter 2 reviews different types of ESSs and their strengths and weaknesses in power 
applications. The literature review provides a means of better understanding the 
differences between ESSs. Various applications of the ESSs are provided. By analysing 
the different characterises the ESSs, it is concluded that the hybridisation of different 
energy storages may create an optimal energy storage system, namely the hybrid energy 
storage system. An overview of the battery-based HESS is also given in this chapter. 
The challenges and opportunities for the SMES/battery HESS are discussed. 
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Chapter 3 is dedicated to the development of a novel battery lifetime model, which is 
highly important for the evaluation of the battery lifetime extension in the HESS. The 
improvement of the battery lifespan is one of the key merits of the HESS and, by using 
the proposed model, the battery lifetime extension can be quantitatively analysed.  
Chapter 4 is one of the key chapters which presents the methodologies developed in 
this study for the SMES/battery HESS. This chapter is composed of three parts: 
 Power management strategies used for the power sharing between the SMES 
and the battery are introduced. Three kinds of methods are summarised. The 
advantages and disadvantages of each method are discussed. In respect of the 
different features of the PMSs, their application occasions are investigated. 
Additionally, a case study is introduced to describe the detailed implementation 
of the power-dominate PMS in an electrical vehicle system. 
 A sizing method for the battery and the SMES in a hybrid scheme is presented. 
The different energy and power demands for the battery and the SMES are 
considered in the sizing method so that the complementary function of the 
HESS is achieved.  
 A novel use of a droop control method for controlling the power sharing 
between the SMES and battery is proposed. By selecting the optimal droop 
coefficients for the different ESSs, the charge and discharge priority of the 
SMES and the battery are differentiated according to the power situations. The 
implementation of the droop control in the DC/DC converters is introduced for 
both the SMES and the battery. The droop coefficient study which successfully 
couples with the system constraints is also presented. 
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Chapter 5 describes the experimental verification of the SMES/battery HESS by using 
the RTDS and HIL test platform. The original idea and the implementation of the 
experiment are introduced. A domestic CHP system is used as case study in the RTDS 
and HIL platform. The performances of the HESS and its control method are verified 
in the experiment. 
Chapter 6 presents the quantitative analysis of the battery lifetime extension in the 
HESS. A method based on simulation works is introduced to enable the long-term 
operation of the proposed HESS and, hence, to provide rich samples for the battery 
lifetime analysis. By taking advantage of the battery lifetime study, the cost analysis of 
the SMES/battery HESS is also provided in this chapter. 
Chapter 7 gives the conclusion to this thesis with a summary of the contributions and 
suggestions regarding future investigations. 
PHD THESIS UNIVERSITY OF BATH CHAPTER 2 
  14 
Chapter 2 Literature Review 
2.1 Introduction 
The literature review provides a means of better understanding the differences among 
energy storage systems. In respect to the characteristics of the different kinds of ESSs, 
the various applications are introduced in Section 2.3. By analysing the various 
characterises and applications of the ESSs, it comes to the fact that the hybridization of 
different energy storages will create an optimal energy storage system, namely, hybrid 
energy storage system. An overview of the battery based HESS is given in Section 2.4. 
The challenges and opportunities for the SMES/battery HESS are also discussed. 
2.2 Energy storage systems  
Electrical Energy Storage is a process of transferring electrical energy to chemical 
energy, potential energy or some other form of the energy that can be stored and 
retrieved back to electrical when necessary [15, 17]. The history of ESS is very long. 
During the time of the early 20th century, lead-acid accumulators were firstly used to 
offer direct current. A pumped hydroelectric storage system was established in the year 
of 1929 as the importance of ESS has been realised. Subsequently, demand for stable 
electricity and application of renewable generations signify that ESS begins to obtain 
its reputation in the new century. Although pumped hydro systems are the primary 
energy storage systems in the conventional power system, a wide range of technologies 
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is currently available [2]. Fig. 2.1 is made based on [1, 2, 17] and lays out the different 
types of energy storage form in electrical power applications. 
 
Fig. 2.1 Energy storage technologies used in the electrical power applications 
The following sub-sections reviews some of the most popular types of energy storage 
that the short-term energy storage systems (flywheel, supercapacitor and SMES) and 
long-term energy storage systems (battery and pumped hydro energy storage) [50]. The 
main characteristics are evaluated, and the advantages and disadvantages of each ESS 
are listed followed by analysis.  
2.2.1 The battery energy storage system 
Battery energy storage systems are one of the most popular technologies used in the 
power systems [17]. The basic unit of battery is the cell. Each cell consists of an 
electrolyte having a positive and a negative electrode placed together in a sealed 
container and connected to the outside source or load. During the charging or 
discharging conditions, the electrolyte enables the exchange of ions between the two 
electrodes resulting in the converting of a different form of energy.  
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A. Lead-acid batteries 
The concept of the lead-acid battery is first proposed in 1859 and since then the lead 
acid battery was one of the most popular and most used energy storage devices. Table 
2.1 lists the main features of lead-acid batteries. 
Table 2.1 Main features of lead-acid batteries 
Characteristics References 
The lowest cost among battery storage 
systems 
($300-600/kWh [2]; $50-100/kWh [51]; 
€210-270 /kWh [52]; €185/kW h [53] 
High reliability 
[2] 
Relatively high efficiency 
75–80% [52];  70–80% [54];  65–80% 
[2] 
Low self-discharge <0.1% /day [51] 
Life cycle 
500–1000 cycles [2]; 200–300 cycles 
[55]; 500 cycles [56]; 1200–1800 cycles 
[51] 
Power density (weight-based) 180W/kg [51] 
Energy density (weight-based) 30 Wh/kg [51]; 35–50Wh/kg [2] 
 
B. Lithium-ion batteries 
Compared with other batteries lithium-ion battery is a relatively new kind of technology 
which was firstly proposed in the 1960s and commercialised by Sony in 1991 and since 
then, lithium-ion battery has become one of the most commonly used batteries. This 
type battery is normally used in small applications, taking over 50% of small portable 
devices market. Also, lithium-ion batteries are positioned as the leading technology 
platform for the electric vehicles (EV) [30]. The recent years have witnessed a booming 
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development of EVs, which results in a dramatical requirement for Li-ion batteries. The 
main features of this type of battery are listed in Table 2.2. 
Table 2.2 Main features of lithium-ion batteries 
Characteristics References 
Energy density (weight-based) 80–150 Wh/kg [51]; 100–150 Wh/kg 
[57]; 120–200 Wh/kg [58]; 75-200 
Wh/kg [2] 
Power density (weight-based) 500-2000 W/kg [51] 
Low self-discharge 1% /day [59]; 5% /day [51] 
Life cycles >1500 cycles [51]; 1000-10000 cycles 
[2] 
efficiency 88% [60]; almost 100% [2]; 90-100% 
[51] 
Cost >$600/kWh [2]; $900-1300/kWh [51] 
 
The lead-acid battery and the lithium-ion battery have very high energy density. Hence 
are widely used in the energy projects. 
2.2.2 Pumped hydro energy storage (PHS) 
PHS is the world widely implemented large energy storage system [61]. It takes 
advantage of the gravitational potential energy difference between two different levels 
of reservoirs. PHS station stores potential energy by pumping the water from the lower 
reservoir to the upper one during the off-peak hours, then releases the water to get 
electrical energy during the peak times. According to [15], the PHS systems represent 
approximately 3% of the world's total installed power capacity, and 97% of the total 
storage capacity. PHS gets its popularity for the high efficiency, large storage capacity, 
a long life and relatively low cycle cost. 
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Fig. 2.2 shows a typical PHS consisting of two reservoirs located at different elevations, 
a unit to pump water to the high elevation during the off-peak hours and a generator 
converting the potential energy to electricity during peak hours. 
 
Fig. 2.2 A typical PHS system [2] 
However, because of the high capital investment, environmental damages and long 
project lead time, PHS systems are limited in high power applications [61]. The main 
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Table 2.3 Main features of PHSs 
Characteristics References 
Energy rating 100–8000 MWh [2] 
Power rating 
10–1000 MW [15] 
100–5000 MW [2], 1–4000 MW [17], 
Power capacity cost 
$/kW 5–100 [2], $/kW 10–12 [15], 
$/kW 50–100 [61] 
Response time Minutes- hours [2] 
 
2.2.3 The flywheel energy storage system (FESS) 
FESS may be the oldest ESS that can be dated back to thousands of years ago. It is a 
spinning mass and stores or releases energy according to its change in rotational 
velocity. When discharging, FESS works as a generator that generates electrical power 
sourcing from the rotational energy of the mass and is spun up by a motor during the 
charging period. FESS has high efficiency of 90–95%, long lifetime, high power 
density but high capital cost and high self-discharge rate (over 60%, even 100% per 
day) [1, 2, 15, 62] 
The total power of a FESS depends on the size of the motor and the amount of stored 
energy depends on the size and speed of the rotor. As a result, the power rating of the 
FESS can be designed to be relatively high, and the stored energy is relatively low 
compared with the long-term storage system [33, 62]. 
The main features of the FESS are summarised in Table 2.4. 
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Table 2.4 Main features of FESSs 
Characteristics References 
Energy rating 2.2–570 kWh [2] 
Power rating 0.1–20 MW [2], 1.65 MW [67], 
Discharge time 
2.7 × 10− 7–0.25hours [2], 0.000–
0.01hours [15], < 1 cycle [17] 
Cost 
$/kW 1000–5000 [2], $/kW 300–
25,0001[11], $/kW 400–800 [17], $/kW 
100–800 [8] 
Efficiency 90–95% [2] 
Self-discharge rate 
over 60% /day [1, 15], even 100% /day 
[2] 
 
2.2.4 The supercapacitor (SC) energy storage system 
Unlike the conventional capacitors, the electrodes of supercapacitors are made with the 
porous microstructure such as carbon resulting in larger surface area hence higher 
capacitance to be achieved. The principle of SCs is more like the batteries that are based 
on electrochemical cells relying on conductor electrodes, electrolytes and a porous 
membrane [2, 62]. 
The electrons at the cathode can attract positive ions and vacancies of electrons at the 
anode attract negative ions. The electrically insulating separator is placed between the 
two electrodes allowing ions to pass. No redox-reaction occurs in the SC, and the 
charges are stored on the interface between the conductor electrodes. Therefore, it is 
also named double-layer capacitor.   
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The energy stored in the capacitors is proportional to their capacity, and the square of 












Where 𝐴 is the electrode-surface area; 𝑑 is the distance between the electrodes; 𝜀0 is the 
vacuum permittivity. Therefore, again it highlights the main difference between 
capacitors and super-capacitors is the application of porous electrodes with high 
surface-areas which can offer higher energy densities to the system [63]. The main 
features of the SC are summarised in Table 2.5. 
Table 2.5 Main features of SCs 
Characteristics References 
Energy rating  2.2–570 kWh [2] 
Power rating 5-1000kW [10] 2500kW [17] 
Discharge time < 1/4 cycle [2] Seconds–hours [67], < 1 
cycle [15] 
Self-discharge rate 15-20% /day [2] 
Cost $20,000 kWh [15],  €6800 /kWh [69] 
Efficiency 75-90% [1,10,71] 
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2.3.5 Superconducting magnetic energy storage 
SMES is getting the popularity in recent years. SMES is a device that stores energy in 
the magnetic field which is created by the DC current flowing through the 
superconducting coils [64-67]. Fig. 2.3 shows the SMES unit (3.2 kJ) rative project 
between the University of Bath and China Electric Power Research Institute. 
 
Fig. 2.3 SMES unit above the cryostat 
Similar to the normal inductance coil, the energy stored in the SMES, as shown in Eq. 




LIE   2.3 
Pickard [59] states that “Flux density around 10 T at 4.2 K is able to provide energy 
densities of 40 MJ/m3”. SMES is well known for the high power density. The recently 
second-generation high-temperature superconductors (2G HTS) have been 
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significantly enhanced in terms of increased operational magnetic field and current 
density which enables SMES systems to achieve a substantially higher energy and 
power capacity [21]. The main features of the SMES are summarised in Table 2.6. 
Table 2.6 Main features of SMESs 
Characteristics References 
Energy rating 0.2-3000 kWh [2], 
Power rating 100 kW–10 MW [15] 
Discharge time 
Milliseconds–8 s [2], seconds [86], 
200kJ in 20ms [87] 
Power capacity cost 
 
$700–10,000 kWh [2], $200–300 kW 
[15] 
Self-discharge rate <7% /day [67] 
Efficiency >90% [21], 95-98% [84] 
 
2.3 The applications of the ESSs 
The outlook for EESs with various characteristics have been widely reported in recent 
years, and Table 2.7 summarises the some of the currently used EESs in power 
applications. 
Table 2.7 Overview of current electrical energy storage applications 
Applications 
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[1, 2, 3 ] 
kW and up to MW, response 
time (milliseconds, <1/4 
cycle), discharge duration 
(milliseconds to seconds) 
Flywheels, SMES, 
capacitors, supercapacitors. 
Batteries (but have  short 
lifetime) 
Emergency back-up power 
[4, 5,6, 7] 
Up to 1 MW, response time 
(milliseconds to minutes), 
discharge duration (up to 
24 h) 




[ 7, 8, 9 10] 
Several kW to MW, up to 20 
MW response time 
(milliseconds to hours), 




Batteries (but have  short 
lifetime) 
Bridging power [7, 11, 12] 
kW–10 MW, response time 
(up to 1 s), discharge 
duration (seconds to hours) 
Batteries, flow batteries 
supercapacitors 
Peak shaving and Load 
levelling 
[1, 7,13, 14,15 ] 
MW level response time 
(minutes), discharge 
duration (up to hours and 
even more) 
PHS, and batteries; 
Transmission and 
distribution deferral 
[1, 7,16,17,18,19 ] 
kW to 100 MW, response 
time (milliseconds -
minutes), discharge duration 
(milliseconds to minutes) 
PHS and batteries, SMES 
and fuel cells flywheels 
Energy management 
[8, 20, 21] 
Large (>100 MW), 
medium/small (∼1–
100 MW), response time 
(minutes), discharge 
duration (hours–days) 
Large: (PHS); Small: 
(batteries, flow batteries) 
As shown in Table 2.7 the response speed of the energy storage technology is directly 
linked to its applications in the power system. In respect of the discharge durations and 
the storage characteristics, the ESSs can be classified into two groups as shown in Fig. 
2.4. 
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Fig. 2.4 ESS classification according to discharge speed 
In Fig. 2.4 ESS technologies are categorised into those are intended for high power 
ratings with a relatively small energy capacity (short-term energy storage system) 
making them suitable for power quality or uninterruptible power supply applications, 
and those have a large energy density (long-term energy storage system) and designed 
for long-term usage. It should be figured out that, although the battery is regarded as 
the long-term energy storage system and has high energy density, it can be designed to 
have high power capacity and controlled to achieve fast discharge. However, in these 
cases, a great many of battery cells is need to provide the high power capacity. 
Moreover, the short-term high power demands seriously accelerate the battery 
degradation process. Hence, the battery is not suggested to be used as the short-term 
energy storage system. 
By analysing the various characterises and applications of the different energy storage 
systems, it comes to the fact that the combination of the short-term energy storage and 
the long-term energy storage will create an optimal energy storage system, namely, 
hybrid energy storage system.  
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2.4 The hybrid energy storage system 
2.4.1 Overview of the HESS 
The idea of the HESS lies on the fact that some ESSs may have complementary 
characteristics in terms of power and energy density, life-cycle, response speed, and so 
on [14, 68]. Therefore, it comes to the concept of the HESS that combine two kinds of 
complementary energy storage technologies achieving an optimised system which has 
the advantages of both primary energy storage systems meanwhile complementing the 
disadvantages of each ESS.  
The battery, characterised by high efficiency and large energy density, is regarded as 
the most flexible ESS and increasingly being used in many power applications [17]. 
The disadvantages of the battery such as the low power density and the limited cycle 
life can be exactly addressed by the short-term energy storage systems. Therefore, in 
this study, it is reasonable to select the battery as the long-term energy storage in the 
HESS design. In fact, the battery-based hybrid energy storage system is the most used 
scheme in the literature. Table. 2.8 summarises the update hybrid design in different 
applications.  
Table 2.8 The summary of the battery based HESS in different applications 
HESS scheme Applications References 
Battery and 
supercapacitor 
Photovoltaic systems; Wind 
energy systems; Hybrid 
[23, 25, 26, 32, 40-42, 46, 
47, 49, 63, 69-75] 
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wind-solar systems; EV; 
Microgrids; UPS 
Battery and Flywheel 
UPS, EV, wind applications, 
domestic usage 
[24, 76, 77] 
Battery and SMES 
Photovoltaic systems; Wind 
energy systems; EV; 
Microgrids; CHP system 
[14, 16, 22, 44, 78-82] 
The flywheels have high efficiency of 90–95%, long lifetime and high power density 
[1, 2, 15, 62]. However, the most severe drawback of flywheels is the high power losses 
because of the high self-discharge rate (over 60%, even 100% per day) [76, 83]. This 
disadvantage makes the flywheel and the battery hybrid design less attractive than the 
SMES/battery and the SC/battery. 
The battery and supercapacitor HESS is regarded as the most mature hybridization 
among the literature. Indeed, a large number of works can be found to describe the 
battery and SC HESS, and they are ranging from the HESS modelling, control method 
design, power management, sizing study, topology optimisation and so on. Then, it 
comes to the question that why to study the SMES/battery hybrid system in this thesis. 
2.4.2 Why choose SMES as the short-term ESS in the HESS. 
A. Advantages of SMES 
A typical SMES is mainly composed of three components: superconducting coils, 
cooling system and control systems. The cooling system is necessary to keep the coil 
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in the superconducting state. Even taking into account the energy consumed by the 
cooling system and other kinds of energy losses such as the control system losses, 
SMES still performs in very high energy efficiencies [21]. This configuration resulting 
in over 90% efficiency of energy converting [21] and 95%–98% efficient in storing 
electricity [2, 84].  
The SMES is able to make the rapid and independent power response possible in all the 
four quadrants [85]. Hence, SMES has broad applications associated with power 
systems. Since there is almost no fatigue cumulative damage in SMES, it has the longest 
lifetime compared with all the other ESS technologies. Report [86] states SMES has 
“unlimited number of charge and discharge cycles”. 
SMES is able to respond to the requirement in milliseconds level because the 
conversion of energy stored in SMES is an electrical process. The rated capacity of 
SMES ranges from 100 kW to 10 MW, and tests have shown that SMES can inject the 
rated power in a few seconds before being discharged [86]. Report [87] tested a 1 MW 
SMES unit and it could be charged to 200 kJ in only 20 ms. Also, SMES seems more 
environmentally friendly since they do not have any toxic chemical materials [21]. 
B. Challenges and opportunities of the SMES/battery HESS 
The high cost is the biggest challenge for the wide application of such advanced 
technology: the capital power cost ranges between $1000 and $10,000/kWh [62]. While, 
in the hybrid energy storage scheme, with the integration of the battery the size 
requirement for both the SMES and battery can be dramatically reduced. Also, 
compared with the battery only system, the hybrid design has the advantage of 
extending battery lifetime. One of the reasons that this study proposes a battery and 
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SMES hybrid energy storage system is to reduce the rated energy requirement of SMES 
and hence to reduce the investment on SMES system. 
Buckles said in [88] that we should not stop to do research on superconductor just 
because it is expensive. With the fast development of superconductor manufacturing 
technology, there are more and more commercial companies around the world being 
able to produce the cheap superconducting tape, such as SuNam and Shanghai 
Superconductor [89, 90]. The price of the superconductor is reduced from $60 per meter 
in 2012 to $22 per meter in 2016, which is a significant cost reduction in the last five 
years. Some published works also make the estimation that in the future, it is achievable 
to decrease the price of superconductor less than $10 [91, 92]. Therefore, with the 
continuous development of superconductive material, it could be known for sure that 
the cost of SMES could be further reduced. With the continuous developing of 
superconductive materials science many published researches [19, 20, 93, 94] have 
shown positive cost-effective analysis of SMES. Also, as already been discussed in 
Chapter 1, the technologies for the SMES/battery hybrid energy storage system is not 
mature enough to make this HESS available to the customers. Hence, it is meaningful 
to investigate the technologies of the SMES/battery HESS. 
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Chapter 3 The Battery Lifetime 
3.1 Overview 
The extension of battery lifetime is one of the key metrics for assessing the benefits of 
the hybrid energy storage system [16, 23, 43, 70, 73, 95, 96]. A novel battery lifetime 
is, therefore, developed by advancing the previous rain-flow cycle-counting method. 
The improvement of the new battery lifetime model is proved by comparison with the 
previous method. Also, case studies are described in this chapter to verify the new 
battery lifetime evaluation method. 
3.2 The battery lifetime model. 
As the improvement of battery lifespan is one of the key advantages of the proposed 
hybrid energy storage system, it is necessary to incorporate a battery life prediction 
model in this research. The life of the rechargeable battery is defined as the period that 
the battery remains serviceable before the predefined minimum capacity (normally 80%) 
is reached [97]. Various kinds of battery lifetime models are available. However, the 
capacity fading mechanism is so complicated that it is currently difficult to create a 
practical model which considers the extreme non-linearity of many underlying ageing 
processes [35].  
The method of cycle counting has already been successfully employed in battery 
lifetime estimation application. In addition, the battery life prediction method has been 
successfully applied in a commercial program known as HYBIRD2 [98]. However, the 
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previous works simply counted the number of cycles for each level of depth of 
discharge. This means that the conventional battery life model only regarded the range 
of DOD of each cycle as the factor related to battery lifetime, but neglected other factors 
such as the discharge rate. James F. Manwell proposed an improved model in [98] by 
adding the effect of the mean value of each charge/discharge cycle, but this improved 
model did not consider the discharge rate, which has a great impact on the battery life. 
The discharge rate is referred to as the discharge current and is often expressed as a C-
rate by normalised means.  The  C-rate is normally defined as the rate at which a battery 
is discharged [99]. Many research works have shown that higher discharge rates would 
decrease the battery lifetime dramatically. For example, experiments were carried out 
in [100] to study the capacity fade of Sony 18650 batteries under different C-rates. The 
results showed that a battery lost 9.5% of its capacity after the full 300 cycles at 1 C-
rate, but 16.9%  at 3 C-rate. Therefore, the impact of C-rate on battery life is so great 
that it should not be ignored. 
This study proposes a novel battery life model which has quantified both the effect of 
battery discharge rate and depth of discharge and gives a more precise prediction for 
battery lifetime. Error analysis has been done by means of case study. 
3.3 The rain-flow cycle-counting algorithm  
3.3.1 The principle of the rain-flow cycle-counting algorithm 
The rain-flow cycle-counting algorithm is usually used for analysing the fatigue data 
and was firstly used in metal fatigue estimation. In this research, this method is used to 
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extract the irregular charging and discharging cycles that the battery experienced during 
the simulation period. 
Basically, the cycle counting can be achieved by the following three steps, as shown in 
Fig. 3.1. 
 Firstly, the data (for the battery, the data is the DOD that presents the battery 
charge/discharge cycles) are pre-processed by searching for adjacent data points 
with reverse polarity so that the local maxima and minima can be found and 
stored in a matrix. 
 Secondly, compose full cycles by analysing the turning points and combine 
these sub-cycles to obtain full-cycles together with the summing up of the 
amplitudes. 
 Thirdly, extract and count the number of cycles in varying amplitude and store 
them for later use. 
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Fig. 3.1 The principle of the previous rain-flow cycle-counting algorithm 
As a result, the complex data can be resolved into a set of equivalent sub-half-cycles 
and rearranged to compose the full cycles in different amplitude. To give a better 
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introduction to the rain-flow cycle-counting method, a data processing example is given, 
as shown in Fig. 3.2 and Fig. 3.3. 
 
Fig. 3.2 Example data for rain-flow cycle-counting 
 
Fig. 3.3 Results from the rain-flow cycle-counting 
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As can be seen from Fig. 3.2 and Fig. 3.3, the exemplary signal is resolved and 
recombined by several cycles and half-cycles. Together with the cycle numbers, the 
amplitudes of these cycles are also stored in the algorithm. Table. 3.1 and Fig. 3.4 
illustrate the counting results. 
Table 3.1 Counting results from the rain-flow cycle-counting 
Labels (Cx) C1 C2 C3 C4 C5 C6 C7 
Amplitude 2.2 7.0 4.5 10 0.7 5.0 3.1 
Number of 
cycles  
1 0.5 1 0.5 1 0.5 0.5 
 
Fig. 3.4 Counting results from the rain-flow cycle-counting 
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The battery charges and discharges to meet the power requirements, which will return 
the data sheet of battery state of charge (or depth of discharge) with time series. 
Therefore, by using the rain-flow cycle counting algorithm, the battery depth of 
discharge can be resolved into a range of sub-cycles with amplitudes. If the lifetime 
degradation of each sub-cycle can be calculated, the total battery lifetime reduction can 
be obtained. However, it should be noted that the battery lifetime model based on the 
previous rain-flow cycle-counting method is only able to evaluate the impact of the 
DOD of each cycle, but ignores the very significant C-rate factor, as mentioned earlier. 
Therefore, it forms the main contribution of this chapter in that a new battery lifetime 
model is developed by adding the evaluations of C-rate into the previous method. 
3.3.2 The modified the rain-flow cycle-counting algorithm 
The discharge rate is in accordance with the discharge current and is often expressed as 
a C-rate by normalised means. The C-rate can be calculated based on  Eq. 3.1. Therefore, 
the modified rain-flow cycle-counting algorithm is required, not only to give the 
amplitude but also the C-rate of each sub-cycle as well. The modified rain-flow cycle-
counting algorithm is illustrated in Fig. 3.5. For example, a battery discharges 20% of 
its capacity in 1800s, then the C-rate can be obtained as 0.8 (3600×0.2/1800=0.8). 
C-rate=3600·A/T 3.1 
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Fig. 3.5 The principle of the modified rain-flow cycle-counting algorithm 
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Firstly, similar to the previous method, the data of the battery are pre-processed by 
searching for adjacent data points with reverse polarities so that the local maxima and 
minima can be found and stored in a matrix. In the new method, the exact time of 
occurrence of turning points is also stored in the same matrix. Secondly, full cycles are 
obtained by analysing the turning points and combining these sub-cycles to obtain full-
cycles together with the summing up of the amplitudes and time durations. Thirdly, the 
number of cycles in varying amplitude and time duration are extracted and stored for 
later use. For the same signal, as shown in Fig. 3.2, the modified algorithm gives more 
information including the C-rate of each cycle shown in Table. 3.2. 
Table 3.2 Counting results from the new rain-flow cycle-counting 
Labels (Cx) C1 C2 C3 C4 C5 C6 C7 
Amplitude 2.2 7.0 4.5 10 0.7 5.0 3.1 
Number of cycles or half-cycles 1 0.5 1 0.5 1 0.5 0.5 
Begin time of extracted sub-cycle 1 0 4 3 6 8 9 
Period of a cycle 2 6 2 10 2 2 2 
C-rate 2.2 2.3 4.5 2 0.7 5 3.1 
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3.4 The novel battery lifetime modelling 
For a rechargeable battery, the active substance transformed with each cycle is 
proportional to the range of discharge [101]. Therefore, the deeper the battery is 
discharged, the more lifetime will be consumed. Battery manufacturers usually provide 
an experiment datasheet to describe the relationship between battery cycle life and DOD. 
Fig. 3.6 gives a typical cycles-to-failure (CTF) vs. DOD curve obtained by curve fitting 
using experiment data.  
 
Fig. 3.6 Cycles to Failure vs. DOD curve [14] 
Battery CTF is defined as the number of cycles that the battery can be charged and 
discharged before the end of life condition is reached [73]. For example, as can be 
observed in Fig. 3.6, the battery would undergo over 5000 cycles at 60% DOD before 
it reached the end of life. A logarithmic polynomial function 𝐹𝐶𝐷 is used to describe the 
relationship between the CTF and the DOD, 𝐹𝐶𝐷 = 𝑓(𝐶𝑇𝐹, 𝐷𝑂𝐷): 
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−3 (0<DOD<1) 3.2 
Where 𝑎0 − 𝑎3 are the curve fitting coefficients, and the values are -4790, 7427, -1077, 
55.4, respectively. 
Previous work [100, 102, 103] has shown the functional relationship of the capacity 
retention and discharging current. Based on the experiments in [103], this study defines 
the function 𝐹𝐶𝐶 to show that the capacity retention of a Li-ion battery will decrease 
with the increase of the discharging current, 𝐹𝐶𝐶 = 𝑓(𝐶 − 𝑟𝑎𝑡𝑒, 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦): 




Where 𝑏0 − 𝑏3  are the curve fitting coefficients and the values are 0.8800, 0.0929, -
0.0639, -1.3770, respectively. 
In general, the capacity retention of a Li-ion battery is proportional to the battery life 
cycles [104]. Function 𝐹𝐶𝑇𝐹𝐶is defined in this study to describe how the CTF changes 
with the capacity of Li-ion battery, 𝐹𝐶𝑇𝐹𝐶 = 𝑓(𝐶𝑇𝐹, 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦): 
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 𝑓𝐶𝑇𝐹𝐶(𝐶𝑇𝐹) = 𝑐0 + 𝑐1 · 𝐶𝑇𝐹 3.4 
Where c0, c1 are the curve fitting coefficients and they are -0.00177 and 0.96, 
respectively. 
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As a result, for a charge/discharge cycle with the given range of DOD and C-rate, the 
objective function can be obtained by combining the Eq. 3.2-3.4, 𝐹𝐶𝐷𝐶 =
𝑓(𝐶𝑇𝐹𝐶 , 𝐷𝑂𝐷, 𝐶 − 𝑟𝑎𝑡𝑒): 
𝐶𝑇𝐹𝐶 = 𝑓𝐶𝐷(𝐷𝑂𝐷) · 𝑓
−1
𝐶𝑇𝐹𝐶
(𝑓𝐶𝐶(𝐶 − 𝑟𝑎𝑡𝑒)) 3.5 
𝐶𝑇𝐹𝐶 is the corrected CTF number and the degradation factor is defined as 𝜂, which is 
used to describe the battery degradation in a cycle at certain range of DOD and C-rate, 
then: 
𝜂 =1/𝐶𝑇𝐹𝐶 3.6 
PHD THESIS UNIVERSITY OF BATH CHAPTER 3 
  42 
 
Fig. 3.7 Algorithm of the novel battery lifetime model 
The algorithm of the novel battery lifetime model is shown in Fig. 3.7. As shown in this 
figure, the rain-flow cycle-counting algorithm processed the data of battery DOD 
thereby obtaining the different cycles varying in different ranges of DODs and C-rates 
in a matrix. Take ith cycle as an example: 
PHD THESIS UNIVERSITY OF BATH CHAPTER 3 
  43 
Substitute 𝐷𝑂𝐷𝑖  into 𝐹𝐶𝐷 obtaining the original number of cycles  𝑁𝑖 . Similarly, 
𝐹𝐶𝐶  generates the capacity fading factor  𝜀𝑖 (𝜀𝑖 = 𝑓𝐶𝐶(𝐶 − 𝑟𝑎𝑡𝑒𝑖))  at the given  𝐶 −
𝑟𝑎𝑡𝑒𝑖. This factor is a capacity related factor, hence 𝐹𝐶𝑇𝐹𝐶 is needed to transfer it into a 




(𝑓𝐶𝐶(𝐶 − 𝑟𝑎𝑡𝑒))). The original number 𝑁𝑖 
multiplied by factor 𝜀𝑖
′ resulting in the corrected number of cycles 𝑁𝑖𝑐  at  𝐶 − 𝑟𝑎𝑡𝑒𝑖 
and  𝐷𝑂𝐷𝑖 .Therefore, the consumed fraction of battery life after the 
charging/discharging cycle i is 𝜂𝑖 = 1/𝑁𝑖𝑐. The total number of different cycles is 𝑛, 
hence, the total degradation 𝐷 is: 
D= ∑ 𝜂𝑖
𝑖=𝑛
𝑖=1  3.7 
Assuming the simulation duration is T, the battery lifetime can be estimated as: 
𝐿𝐵 = 𝑇/𝐷 3.8 
It should be noted that the battery lifetime is predicted based on the room temperature 
in this study. 
3.5 Case study 
The novel battery lifetime model is valued for taking the discharging rate into account. 
A case study is carried out to prove the validity of the new model. Li-ion battery 
accelerated ageing tests in [105] showed results that described the normalised capacity 
retention declined as a function of C-rates at a fixed DOD of 0.3. The capacity retention 
limit is defined as 80%, which means the end of battery life.  
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Based on [105], the experimental battery lifetime at different C-rate can be obtained as 
shown in Table 3.3.  
Table 3.3 Experimental battery lifetime at different C-rate[105] 
C-rate 0.6 1.2 1.5 1.8 
Lifetime(h) 8800 4300 3300 2800 
The battery DOD data can be generated based on the same situation with the experiment. 
For example, if the DOD is set as 0.3 and C-rate as 1.5, the SOC curve as shown in Fig. 
3.8 can be obtained. 
 
Fig. 3.8 Example of the DOD data at C-rate 1.5 
Using the Eq. 3.4, C-rate=1.5 means that battery is discharged of 30% of its capacity in 
0.2 hours hence the whole cycle time is 0.4 hour. Based on the algorithm illustrated in 
Fig. 3.7, if the DOD is set as 0.3 and C-rate as 1.5 the following data can be obtained in 
Table 3.4: 
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10052 0.906 0.86 8600 1.162e-4 0.4 3440 
 
The error between the calculation and experiment is 4.2%, which is acceptable. 
However, if the impact of discharge rate is not considered, the lifetime is 4021 h (cycle 
time 0.4 h multiplied by original cycle number 10052) and the error is 21.8%. Applying 
the same process to the other three situations, Table 3.5 and Fig. 3.9 can be constructed 
as follows: 
Table 3.5 Comparison of experimental results with the results from novel battery 












lifetime(h) and error 
0.6 8800 9185, 4.38% 1.00 10052, 14.2% 
1.2 4300 4430, 3.02% 0.50 5026,  16.8% 
1.5 3300 3440, 4.2% 0.40 4021,  21.8% 
1.8 2800 2930, 4.6% 0.34 3418,  22.1% 
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Fig. 3.9 Comparison of battery lifetimes from experiments (blue), the novel model 
(green) and the previous model (red) 
Obviously, this new algorithm, which has taken the discharge rate into account, 
generates fewer errors and gives a more precise prediction of battery lifetime. 
3.6 Conclusions  
The improvement of battery lifetime is one of the key advantages of the proposed 
SMES/battery HESS. The prediction of the battery lifetime is, therefore, very necessary 
in this study to evaluate the HESS design. A novel battery lifetime model based on a 
modified rain-flow cycle-counting algorithm is presented in this chapter. The new 
method advances the previous ones by adding the C-rate into the consideration of the 
battery degradation process and, hence, returns a more accurate prediction of battery 
lifetime. As can be seen from the battery lifetime model, the cycles-to-failure curve is 
a very important reference for lifetime prediction. Hence, it should be noted that 
insufficient cycles-to-failure data may result in the errors in the prediction.  
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Chapter 4 Methodologies 
In this chapter, the development of the power management strategy, the sizing study 
and the hybrid control method are introduced in details. 
4.1 Power management strategy 
To achieve the active combination of two kinds of ESSs, an overall power management 
method, which is designed based on the different characteristics of SMES and battery, 
is essential. The hybrid control for the SMES and battery is also developed based on 
the power management method. In this study, the power management strategy should 
be designed to meet the following constraints: 
 The HESS should meet the system power requirement; 
 The strategy is able to arrange power contributions according to the 
characteristics of different energy storage devices; 
 The battery is protected from high-frequency charge/discharge and high 
currents; 
 The SMES is prevented from long-duration discharge; 
To fulfil the functions shown above, three kinds of power management strategies are 
developed and compared in this study: the frequency-dominant strategy, SMES fully 
active strategy and power-dominant strategy. These three methods are introduced in 
detail in this chapter and the advantages and disadvantages of each method are 
described. These power management strategies have different performance in different 
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power applications. A case study based on the electrical bus system is introduced to 
give a detailed implementation of the power-dominant strategy. 
4.1.1 Frequency-dominant strategy 
To ensure the security of supply by preventing the load from being unsupported, the 
battery is typically integrated into the system to store power at times when there is a 
surplus and to release it during a deficit of available power [15]. However, the variation 
of renewable power means the battery may undergo high-frequency charge/discharge 
cycles. In the SMES/battery hybrid design, the high-frequency power fluctuations dealt 
by the SMES and battery are protected from frequent cycling processes. Hence, it 
returns to the principle of the frequency-based power management strategy in that the 
short-term ESS, such as SMES, compensates the high-frequency power and the long-
term ESS, such as batteries, offers long-term energy support. Power filtration method, 
which takes advantage of the lowpass filtering characteristics of the SMES, is usually 
used to implement the frequency-based power management strategy. In this study, this 
kind of power management method is designed and used in an isolated wind power 
system, as shown in Fig. 4.1 
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Fig. 4.1 Frequency-dominant power management strategy in an off-grid wind 
application 
 During the windy period, when the generated power from the wind turbine 
𝑃𝑤(𝑡) is greater than the load demand  𝑃𝐿(𝑡) (∆𝑃(𝑡) =  𝑃𝐿(𝑡) − 𝑃𝑤(𝑡), ∆𝑃(𝑡) <
0), the HESS will be charged by the excess power (∆𝑃(𝑡)). The high frequency 
component ( 𝑃𝐻𝐹) of the excess power will charge the SMES, while the battery 
will be charged by the low frequency component ( 𝑃𝐿𝐹) of ∆𝑃(𝑡). If the excess 
power is greater than the rated power of the SMES (𝑃𝑆𝑚𝑎𝑥) and battery (𝑃𝐵𝑚𝑎𝑥), 
the over-charging protection will come into effect and make │∆𝑃(𝑡)│ =
 𝑃𝑆𝑚𝑎𝑥 +  𝑃𝐵𝑚𝑎𝑥. 
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 During the generation deficiency condition, where the wind power cannot meet 
the load demand (∆𝑃(𝑡) =  𝑃𝐿(𝑡) − 𝑃𝑤(𝑡), ∆𝑃(𝑡) > 0), the HESS is designed 
to be discharged and support the required power deficit ∆𝑃(𝑡). The battery will 
deal with the long-term component and SMES will supply the short-term 
component.  
As shown in Fig. 4.1, this strategy is simple and achieves the objectives: meeting the 
load demand and balancing the power; successfully combining long-term and short-
term storage systems. Also, the battery lifetime will be improved by reducing the 
charge/discharge frequency. However, compared with the other two methods, the 
service efficiency of SMES in this strategy is not very high. 
4.1.2 SMES fully active strategy 
In the frequency-dominant power management method, the battery and the SMES are 
in parallel positions and the power disturbances are seen by the SMES and the battery 
at the same time. The advantage of this design is that the battery can be protected from 
the short-term power fluctuation. However, in this method, the SMES is controlled only 
to deal with the high-frequency components, which cannot fully take advantage of the 
benefit of SMES. The SMES has unlimited charge/discharge cycles and high current 
handling capability and can be used to respond to any requirements without capacity 
degradation. Therefore, the SMES fully active strategy proposes a new dispatch of the 
overall power, as shown in Fig. 4.2: the SMES responds to the power surplus/deficiency 
directly and the battery works as an energy buffer to the SMES. 
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Fig. 4.2 SMES fully active power management strategy 
As shown in Fig. 4.2, given the varying load power requirements, instantaneous net 
power can be obtained: 𝑃𝑛𝑒𝑡(𝑡) = ∑ 𝑃𝐺(𝑡) − ∑ 𝑃𝐿(𝑡). The SMES will come into action 
depending on the value of the net power: if 𝑃𝑛𝑒𝑡(𝑡) > 0, it means the generated power 
is greater than load demand and the SMES will be charged, otherwise the SMES will 
discharge. Assuming the power dealt by SMES is  𝑃𝑠(𝑡), then it obtains the power 
deficiency 𝑃𝑑(𝑡) = 𝑃𝑛𝑒𝑡(𝑡) − 𝑃𝑠(𝑡) and the battery is expected to handle this amount 
of power. In this way, the SMES is fully active to the power disturbance and the energy 
of the SMES is buffered by the battery. 
The proposed scheme is able to fulfil all the power management requirements of the 
hybrid energy storage system. Meanwhile, the SMES is fully used. However, the 
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disadvantages are also obvious. As can be seen from the design, the SMES is active all 
the time during the operation, which means exacting requirements on both safety and 
stability of the SMES operation. As can be seen, the SMES fully active PMS is very 
suitable for small-scale power applications.  
4.1.3 Power-dominant strategy 
The frequency based and the SMES fully active power management strategy are very 
straightforward that they mainly distribute the power demand into two different parts 
according to the different characteristics of the ESSs. However, in some power 
applications such as an electrical vehicle system, the power situation is so complicated 
that simple management strategies can hardly achieve an optimal dispatch, hence the 
power-dominate strategy. The power-dominate method makes decisions not only based 
on the different features of the ESSs but also on the instantaneous power demand. In 
the method, the varying power is classified by several sub-levels and the SMES and the 
battery are controlled to perform different charge and discharge strategies in the sub-
levels. An example of the power-dominate management strategy for the SMES/battery 
used in an electrical bus system is illustrated in the Fig. 4.3 and Fig. 4.4.  
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Fig. 4.4 SMES and battery working strategies 
As shown in Fig. 4.3, the driving pattern model gives the different actions of EV with 
time labels. A self-adaptive filter method [106] is used to compare the power demand 
in different events along time series, which gives four optimal values: Pmin, 0, Pnormal 
and Pmax. Hence, in the first step of the power grading, all the events are classified by 
those four values. Fig. 4.4 shows the strategies of SMES and battery in different 
conditions. 
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In high power demand conditions (Pnormal<Pd ≤Pmax), as shown in Fig. 4.4, the battery 
supply the power demand by the discharge current K1 · Ilimit, where Ilimit is the 
maximum allowable discharge current provided by the battery manufacturer and K1 is 
defined as an optimal discharge ratio determined by real-time power demand Pd(t) and 
Pmax. In high power case, K1 is ranged from 0.5 to 0.8, based on the trade-off between 
the battery usage efficiency and battery peak current limitation. The actions of the 
SMES is determined by high-frequency component PHF. If  PHF >0, it means the engine 
is starting, or the EB is going uphill, and the SMES will discharge as fast as possible; 
If not, it means the power demand is high but gentle, so regenerative braking power 




 𝐾1 ∈ [0.5, 0.8] 4.1 
In normal driving conditions (0<Pd ≤ Pnormal), the battery supplies the power demand 
by the discharge current K2 · Ilimit. In this case, K2 is ranged from 0.2 to 0.6 as shown 
in Eq. 4.2. The SMES is controlled either discharge in fully or partly based on the 
demand power fluctuation. In normal constant speed, the SMES is expected to 
discharge partly of its energy when the stored energy is high enough, which is different 
with the high-speed conditions where the energy demand is too high for SMES to 
handle. It should be figured out that sizing study of the HESS should be done in order 




 ,   𝐾1 ∈ [0.2, 0.6] 4.2 
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In normal braking conditions, the SMES will absorb the regenerative power, whereas 
the battery will be disconnected from the motor with the benefits of system efficiency 
improvement and battery charging cycles reduction. However, in the emergency case 
(Pmin<Pd≤ 0), the SMES and the battery will work together to absorb the braking power 
to achieve a faster brake hence more secure. 
For sure, the power-dominate method performs a better power management in the 
complicated power situations. However, the design and implement of the power-
dominate method are very difficult. Also, this method needs to be particularly designed 
for certain system and any changes to the target system may make this strategy less 
efficient. The flexibility of the power-dominate strategy is not as good as the other two 
schemes.  
4.1.4 Case study 
A case study based on the electrical bus system is introduced as an example of 
implementing the power management strategies.  
A. System description  
Several sub-systems including driving pattern model, EB model, SMES/battery HESS, 
battery lifetime model and the novel control algorithm, are built in Matlab/Simulink to 
demonstrate the performance of the HESS with the novel control method. The overall 
system configuration is shown in Fig. 4.5. As shown in Fig. 4.5, the driving pattern 
model is able to transfer four series of data to the EB, and these data are used to calculate 
the total power demand to perform such driving behaviour. The HESS power is 
managed by the power-dominant PMS. Then, the HESS gives the battery performance 
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to the battery lifetime model which could quantify the battery degradation. As it can be 
seen from Fig. 4.5, the realistic driving patterns also have an influence on the PMS.  
 
Fig. 4.5 The overall system configuration 
This work has advanced the driving pattern model by introducing four factors including 
speeds, landform slopes, accelerations and the mass variations. Vehicle speed and 
landform slopes of the hill are measured by a smartphone placing on the city bus with 
the software named Viewranger, around the full route. The acceleration 𝑎  can be 
obtained calculating the derivation of the velocity. The total weight of the EB is varying 
with the people getting on or getting off the bus and Eq. 4.3 is used to describe the mass 
variations m. Where 𝑀𝑏𝑢𝑠 is bus self-weight, 𝑚𝑎𝑣𝑒 is the average weight of human and 
n is the counting people which may vary with different bus stops. 
𝑚 = 𝑀𝑏𝑢𝑠 + 𝑛 ∙ 𝑚𝑎𝑣𝑒 4.3 
PHD THESIS UNIVERSITY OF BATH CHAPTER 4 
  57 
As shown in Fig. 4.5, the EB model is implemented to calculate the power demand of 
the motor to perform the given driving patterns and this amount of power will be 
supplied by the SMES and batteries. Fig. 4.6 shows the speed, slope and acceleration 
variation based on the driving pattern model in a full driving cycle. As shown in Fig. 
4.6, the total power demand around each bus stop varies largely and instantaneously. 
The highest power demand can be observed between bus stop 11 and 12, where the bus 
goes uphill at a high speed. 
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Fig. 4.6 EB speed, route slope, EB acceleration and power demand in a full driving 
cycle with 12 bus stops 
B. The power management strategy 
In the case study, the power-dominant management strategy as introduced in Section 
4.1.3 is implemented. 
C. Simulation result and discussion 
 
Fig. 4.7 Variations of total power demand, battery power and SMES power in a full 
route cycle 
As shown in Fig. 4.7, the battery (red curve) and the SMES (green curve) work together 
to supply the total engine power demand (blue curve). The performance of the HESS is 
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same as it has been designed that the battery mainly deals with the low-frequency power 
whereas, the SMES takes care of the high-frequency fluctuations. Also, compared with 
the SMES, the battery have no negative power, which means that in normal brake 
conditions, only the SMES is charged by the regenerative power in order to reduced 
battery charge frequency. 
 
Fig. 4.8 The performance of the battery in (a) battery only system and (b) HESS 
The battery current and state of charge are the two factors that usually used to evaluate 
battery performance. Fig. 4.8 compares the performance of the battery in a battery only 
system and HESS. In terms of SOC, battery in HESS has a more gentle curve than that 
in the BOS. Moreover, after a full route cycle, the battery in the BOS discharges to a 
deeper value (90.5%) compared with 91.2% in HESS. In terms of the battery current, 
we can see that the battery in BOS undergoes not only more charge/discharge cycles, 
but higher peak current as well. In the design of the novel control strategy, the peak 
currents in HESS are limited below 216 A (80% Ilimit), while the peak value in the BOS 
is 390 A. The current of SMES (green curve) charges and discharges very fast with 
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higher values. Hence, in the HESS, the SMES works as a power buffer that helps the 
battery to supply the instantaneous high power demand. The performance of battery 
current and SOC both show a tendency of extension of battery lifetime in HESS. 
 
Fig. 4.9 Pareto analysis of battery SOC against route cycles: (a) battery only system; 
(b) frequency-dominant-based HESS (FDH); (c) power-dominant-based HESS 
(PDH); (d) comparison of the Pareto frontiers in the three scenarios 
The EB is designed to accomplish nine route cycles for a single charge. The data, used 
to carry the Pareto analysis, are gathered randomly 10 times in each route cycle at three 
times fully charged/discharged. Hence, there are 270 ( 10 × 9 × 3 ) samples 
representing the SOC conditions of battery in each scenario, which is enough to 
generate the Pareto frontiers to represent the general performance of the battery in each 
case. A higher SOC value at the end of the ninth cycle means a more efficient battery 
discharge strategy and, hence, a longer battery lifetime. As shown in Fig. 4.9 (d), the 
SOC curves are higher in both HESSs compared with BOS. The SOC curve in PDH 
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Table 4.1 Summary of the three methods 




Principle is simple; 
Very good high-
frequency response 
The SMES utilisation 
efficiency is low 
Systems have high-
frequency power 





The SMES utilisation 
efficiency is very 
high; The battery life 
in the HESS is further 
extended. 
Exacting requirements 
on both the safety and 
stability of the SMES 
operation 
Renewable power 




Both the SMES and 
the battery in the 
HESS have very high 
efficiency 
The design of the 
strategy is very 
complicated. 
Ideally, for the 
systems have complex 
power conditions 
elements such as EVs 
and microgrids. 
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The analysis of the proposed three kinds of the power management strategies in respect 
of their advantages and disadvantages are shown in Table 4.1. The appropriate 
applications of the different methods are also given in Table 4.1. For the frequency-
dominant strategy, a wind power system is an ideal application because of its good 
high-frequency power handling capability. The SMES fully active method is suitable 
for the renewable power system in small scale. Both the SMES and the battery in the 
power-dominant method have high efficiency, but the design of the strategy is very 
complicated. Hence, for power systems that have complex power situations, power-
dominant is the ideal choice. 
4.2 Energy storage sizing algorithm 
The main function of the proposed hybrid energy storage system is to compensate the 
unbalanced power between the generation and the load demand. Therefore, in order to 
obtain an optimal capacity of energy storage devices, a sizing study is essential. The 
optimisation study for single energy storage is not very challenging and many published 
works have introduced various kinds of sizing methods. However, the sizing study of 
the SMES/battery hybrid energy storage is very complicated. To the best knowledge of 
the author, there is very little published work that gives a cooperative sizing design to 
effectively combine the battery and the SMES based their different characteristics. 
Therefore, the sizing strategy for both the battery and the SMES in the HESS is studied 
in this chapter. The basic principles of the new sizing method are introduced, and a case 
study is carried out to give an implementation of the sizing method. It should be noted 
that the sizing method presented in this section mainly references my published work 
shown in Appendix. 
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4.2.1 The principles of the sizing strategy 
Basically, in an electrical energy storage project, the energy storage devices need to 
achieve the following two objectives: 
 Meet system power requirement  
 Meet system energy requirement 
Known as the long-term storage system [107], the battery has large energy density and 
is very suitable for energy management functions. On the other hand, the SMES is used 
as short-term energy storage system and, while it cannot store much energy, it can 
handle the high-frequency power fluctuations [21]. 
Therefore, it is reasonable to divide the sizing study into two steps: 
1. Regarding energy dispatching requirement, size battery to make sure that the 
load energy demand is always met. The energy density of the battery is much 
higher than that of the SMES and the supercapacitor. Hence, the battery is 
normally used to provide energy support in the electrical power system. The 
power capacity of the battery bank can reach as high as the SMES or the 
supercapacitors, but the battery needs to be designed in a very large size. Also, 
the high charge/discharge power requirements normally mean abrupt high 
charge/discharge currents, which are believed to be the main reasons that cause 
battery lifetime degradation. 
2. In view of the short-term power fluctuation mitigation function, determine the 
size of SMES. The SMES is able to discharge all the stored energy in 
microseconds, hence, the rated power of the SMES can be designed very high. 
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For example, if total energy stored in the SMES is 1kJ and the SMES is able to 
fully discharge in 1ms, then the power level of the SMES in this process can 
reach as high as 1MW. Therefore, the SMES is very good at dealing with short-
term high power fluctuations. The energy stored in a SMES coils can be given 
as shown in Eq. 4.4. As can be seen, the energy is proportional to the 𝐼2 and the 
inductance L. However, because of the high cost of the superconducting 
material, the SMES devices is very expensive and the larger inductance means 
higher superconducting material cost. Therefore, in the hybrid scheme, the 
SMES is regarded as a kind of “power” storage device. Compared with the 






One of the advantages of the HESS over the single energy storage system can be 
identified from the two-step sizing strategy in that the energy/power requirements for 
the signal ESS are more flexible. The SMES and the battery can be designed according 
to their own merits rather than restricted by the system constraints. The HESS should 
be designed to satisfy all constraints, whereas neither the SMES nor the battery needs 
to meet both the power/energy requirements. 
4.2.2 Case study 
The two-step sizing strategy is used to determine the sizes for the SMES and the battery 
in different power applications in this study. In this section, a case study based on an 
off-grid power system is used to describe the detailed implementation of the sizing 
method. The objective of the HESS is to work together with the wind generator to meet 
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the critical load demand on an island. The annual wind speed and load demand are 
given. 
A. Battery sizing based on the energy 
The essential function of the proposed off-grid power system is to meet the load request 
in the island. Hence, the battery and the wind generator are sized in the first step to 
ensure the generation is large enough to meet the load.  
The concept of “Loss of Power Supply Probability” (LPSP), which describes the 
probability that the load cannot be met, was chosen as a reliable measurement for wind 
turbine and battery sizing study. The LPSP is the ratio of total energy deficit over the 
total load demand (see Eq. 4.5) and the LPSP approach has already been used in many 
works [108-110]. According to Eq. 4.5, the LPSP value ranged from 0 to 1: the value 0 
means the load is satisfied all the times and 1 means that the load will never be satisfied. 
Setting the LPSP as 0.5 can be used to configure a system with a 50% penetration of 
wind generation, with the rest being met by other resources. In this study, the target 
LPSP is set as 0, which suggested that the load demand will be always met by the wind 
power and battery. Based on the LPSP method, the battery is sized at 244 Ah in the case 





B. SMES sizing 
Previous studies [31, 44, 111] have presented a similar approach to size the SMES in 
an HESS based on the largest power requirement and the mean power demand. Fig. 
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4.10 illustrates this method. As shown in Fig. 4.10, the SMES should be able to handle 
the power difference between the maximum power (𝑃𝑚𝑎𝑥) and average power (𝑃𝑚𝑒𝑎𝑛) 
during the cycle period. However, this may result in oversizing the SMES. The 
intermittent and unpredictable renewable source may cause extremely high or low 
power output, which produces an extremely high value of 𝑃𝑚𝑎𝑥. As a result, the big 
difference between maximum power and average power implies a large SMES is 
required. Currently, SMES technology is expensive and, in order to improve the 
utilisation of the SMES, a new sizing algorithm is shown in Fig. 4.11. 
 
Fig. 4.10 Previous SMES sizing method 
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Fig. 4.11 The new SMES sizing method 
Fig. 4.11 shows the iteration process of the new SMES sizing method. The power 
difference data (𝑃𝑛𝑒𝑡) between the generated power and load demand is the main input. 
The power (𝑃𝑛_𝑆𝑀𝐸𝑆) processed by the SMES can be estimated from the proposed HESS 
controller. Then, the maximum value 𝑃𝑚𝑎𝑥  and the average value 𝑃𝑚𝑒𝑎𝑛  of 𝑃𝑛_𝑆𝑀𝐸𝑆 
during the simulation time may be determined. A power increment ∆𝑃 may be obtained 
by introducing a factor n to divide the difference between 𝑃𝑚𝑎𝑥  and  𝑃𝑚𝑒𝑎𝑛 . The 
provisional SMES power is defined as 𝑃𝑖 = 𝑃𝑚𝑒𝑎𝑛 + 𝑖 · ∆𝑃 (0 ≤ 𝑖 ≤ 𝑛). Then, based 
on the provisional SMES power, the size of SMES can be determined. The sized battery 
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and provisionally sized SMES are applied into the simulation model and, then, the 
power data of the SMES 𝑃𝑆𝑀𝐸𝑆 and the battery 𝑃𝑏𝑎𝑡 can be obtained. 
During the full simulation time, if 𝑃𝑆𝑀𝐸𝑆(𝑡) + 𝑃𝑏𝑎𝑡(𝑡) ≥ 𝑃𝑛𝑒𝑡(𝑡), the SMES capacity 
may meet the requirements of the system. Otherwise, the increment needs to be added 
to the provisional SMES power and the SMES resized.  
As shown in Fig. 4.12, the value of 𝑛 has a large effect on the final size of the SMES. 
It is obvious that the bigger n is, the more cost effective size of SMES can be obtained. 
When n = 1, the SMES is sized by the maximum power requirement, as in the previous 
SMES sizing method, and returns an oversized value, 1.82kJ. An asymptotic line can 
be drawn with Y =0.72, which means the optimal size of SMES in the proposed system 
is 0.72 kJ. 
 
Fig. 4.12 The relationship between n value and the size of the SMES 
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Once the capacity of the SMES is determined, the optimal design configuration should 
be considered in order to reduce the cost of expensive superconducting materials. The 
double pancake SMES coils configuration was chosen as suggested in [67]. 
4.3 The control method of the hybrid energy storage system 
Power balancing is the major challenge for the efficient use of the energy storage 
devices in different power applications and the achievement of the system power 
balancing function mainly depends on the control method. The control algorithm for a 
HESS is more complicated because of the requirement to effectively combine the 
harmonious operation of two storage technologies such that they complement each 
other.  
Many power control algorithms for HESS are reported in the literature. Fuzzy control, 
which can realise power management in nonlinear systems without precise system 
modelling has been proven suitable for coordination of multiple energy sources. Ise. et 
al. [16] propose a fuzzy control based method in railway power systems, achieving 
effective power sharing between the battery and the SMES. Similarly, fuzzy control has 
been used for power management of the HESS in electric vehicles [39, 112, 113] and 
wind applications [70] with the benefits of protecting the battery and improving system 
efficiency. However, some speciﬁc constraints and fuzzy regions used in this control 
are selected empirically, which sometimes may lead to sub-optimal design choices. Li. 
et al. [22] and Song. et al. [47] proposed the conceptually simple power grading control 
that classifies the power requirements manually and distributes the power demands to 
the different energy storage systems based on their classification. Obviously, the 
accuracy of this controller is highly dependent on the specific implementation. The ﬁlter 
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based power control method which uses the inherent filtration characteristic of the 
SMES and supercapacitors to allocate low-frequency charge cycling to the battery has 
been applied in micro-grid applications [43], EVs [114] and renewable generation[14]. 
The main problem with this technique is that the optimal cut-off frequency of the filter 
is very difficult to determine. Model predictive control has been shown to effectively 
reduce battery peak currents in a HESS [71], but at the cost of poor efficiency of the 
short-term energy storage system. Allègre. et al. [115] introduce a real-time data-driven 
control of the supercapacitor/battery HESS achieving a high utilisation factor of the 
supercapacitor by delaying battery activation until after the supercapacitor reaches its 
voltage limitation. The drawback of this approach is that the battery may be damaged 
when the supercapacitor is fully discharged. 
Droop control, which is able to take advantage of various kinds of power sources to 
match different load demands, has been proven to have a high efficacy in a 
decentralised DC grid [116], renewable sources [6], EVs [117] and AC grid [118]. It 
achieves optimal allocation of multiple energy sources to various demands by setting 
appropriate droop coefficients for different converters [6, 116-118]. 
This chapter introduces the novel use of a droop control method for controlling the 
power sharing between the SMES and battery. Less complex than previous approaches, 
the proposed control method is able to maintain power system stability by 
compensating both the high-frequency and low-frequency power fluctuations. 
Furthermore, compared with previous hybrid control methods, the new control has 
several advantages. Firstly, it is capable of prioritising the operation of the SMES over 
the battery for short-term power fluctuations. Secondly, the charge/discharge level and 
rate-of-change for the SMES and the battery can be controlled by the droop factor. 
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Thirdly, the proposed control is able to apply different energy storage system charge 
and discharge rates according to their distinct characteristics by setting different droop 
factors. 
It should be noted that the droop control method presented in this Chapter mainly 
references my published works [82, 119] as shown in Appendix. 
4.3.1 The principle of the droop control 
 
Fig. 4.13 Typical control topology for the SMES/battery hybrid scheme 
The typical arrangement of power converters and energy storage components of a 
SMES/battery hybrid energy storage system is shown in Fig. 4.13. The initial objective 
of the hybrid energy storage system is to maintain the DC bus voltage within a target 
range. The battery and the SMES are both connected to the DC bus through the DC/DC 
converters. The purpose of the power sharing control is to generate different converter 
references to charge and discharge the different energy storage devices at different rates. 
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Fig. 4.14 Hybrid energy storage system voltage vs. current characteristic for active 
droop control 
Decentralised control of the power contributions may be implemented using a droop 
controller as successfully demonstrated in a multi-terminal DC system [6, 116, 120]. 
This study proposes the novel use of active current droop control in power sharing 
between the SMES and the battery by adjusting the droop factors for different ESSs. 
The working principles of the voltage versus current active droop control for HESS are 
illustrated by Fig. 4.14. Based on the DC bus voltage measurement, the energy storage 
systems ESSx (where x refers to the one of a number of ESS) charge or discharge at a 
level controlled by the following four conditions: 
 When the DC bus voltage Vbus ≥ Vmax(x) (where Vmax(x) is the upper voltage limit 
of the ESSx), the ESS is charged at a maximum charge current Imaxc(x). 
 When Vbus ≤ Vmin(x) (where Vmin(x) is the lower voltage limit of the ESSx), the 
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energy storage system discharges at a maximum discharge current Imaxdis(x). 
 In between Vmax(x) and Vmin(x), the current is controlled based on the current vs. 
DC bus voltage relationship: 
𝐼𝑥 = (𝑉𝑏𝑢𝑠 − 𝑉𝑟) ∙ 𝑘𝑥 4.6 
In Eq. 4.6, for a particular ESSx, 𝐼𝑥 is the charge or discharge current, 𝑘𝑥 is the 
droop coefficient and Vr is DC bus reference voltage. 
 When Vbus = Vr, the energy storage device is in stand-by, and there is no charge 
or discharge current.  
The upper and lower voltage limit can be pre-defined based on manufacturer’s data for 
energy storage devices. The DC bus voltage Vbus is derived from measurement. The 
different energy storage devices have different charge/discharge rates for different 
droop coefficients (𝑘𝑥).  To control the power ratio between different ESS, the droop 
coefficients for the battery and the SMES are set based on their different energy storage 
characteristics and operating constraints. Additionally, the battery and the SMES are 
protected from over charge/discharge by setting the voltage upper and lower boundaries, 
Vup_end and Vlow_end. 
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4.3.2 DC/DC Controller for the energy storage systems 
A. DC/DC controller for the battery 
 
Fig. 4.15 Battery DC/DC converter with hysteresis current control 
The battery DC/DC converter with hysteresis current control is shown in the Fig. 4.15. 
The hysteresis control has been shown to have good tracking capability and good robust 
performance [121, 122]. The inductor current 𝐼𝐿 in Fig. 4.15, is regulated to track the 
reference current 𝐼𝑟𝑒𝑓 using the sliding mode control as described in [123, 124]. 
Based on the droop control method in Eq. 4.7, the droop control for the battery can be 
written: 
𝐼𝐵_𝑏𝑎𝑡 = (𝑉𝑏𝑢𝑠 − 𝑉𝑟) ∙ 𝑘𝑏𝑎𝑡 4.7 
The output current of the battery DC/DC converter 𝐼𝐵_𝑏𝑎𝑡 can also be written as Eq. 4.8 
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Based on the Eq. 4.7 and Eq. 4.8, the reference current 𝐼𝑟𝑒𝑓 should be set as: 




B. DC/DC controller for the SMES 
 
Fig. 4.16 SMES DC/DC converter showing current paths in different modes: (a) 
circuit topology; (b) charge mode; (c) discharge mode; (d) standby mode 
The asymmetric full bridge DC/DC converter of the SMES in Fig. 4.16 (a) comprises 
diodes (D1, D2), MOSFETs (M1, M2) and an output capacitor (C). Three operating 
modes are used: charge mode by switching between conduction paths in Fig. 4.16 (b) 
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and (d); discharge mode by switching between conduction paths in Fig. 4.16 (c) and (d); 
and stand-by mode with 𝐼𝑆𝑀𝐸𝑆 circulated as in Fig. 4.16 (d). The relative values of the 
bus and SMES voltages determine the operating mode at any time as illustrated below. 
1. Charge mode (𝑉𝑏𝑢𝑠 > 𝑉𝑟): 
Applying Kirchhoff's current law at the capacitor positive node and state space 




= −𝐼𝐵_𝑆𝑀𝐸𝑆 − 𝐼𝑆𝑀𝐸𝑆 ∙ 𝑑1 4.10 
𝐼𝑆𝑀𝐸𝑆 is the current flowing through the superconducting coil, −𝐼𝐵_𝑆𝑀𝐸𝑆 is the output 
current from SMES DC/DC converter and 𝑑1 is conduction duty ratio of M1 while M2 
is constantly on. SMES charge current can be regulated by controlling 𝑑1. 
2. Discharge mode (𝑉𝑏𝑢𝑠 < 𝑉𝑟) 




= −𝐼𝐵_𝑆𝑀𝐸𝑆 + 𝐼𝑆𝑀𝐸𝑆 ∙ (1 − 𝑑2) 4.11 
𝑑2 is the conduction duty ratio of M2 while M1 is constantly off. The discharge current 
can be regulated by controlling 𝑑2. 
3. Stand-by mode (𝑉𝑏𝑢𝑠 = 𝑉𝑟) 
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During this condition, the bus voltage is equal to the SMES nominal voltage, and hence 
no output current is required from the SMES DC/DC converter.  
If the DC/DC converter capacitor is chosen to be sufficiently large, its voltage may be 
assumed approximately constant during a switching interval. Equations 4.10 and 4.11 
may then be approximated by Eqs. 4.12 and 4.13 for the charging and discharging 
conditions, respectively. 
−𝐼𝐵_𝑆𝑀𝐸𝑆 = 𝐼𝑆𝑀𝐸𝑆 ∙ 𝑑1 4.12 
−𝐼𝐵_𝑆𝑀𝐸𝑆 = −𝐼𝑆𝑀𝐸𝑆 ∙ (1 − 𝑑2) 4.13 
By applying the general droop control equation Eq. 4.6 to the SMES gives Eq. 4.14. 
Using Eqs. 4.12 to 4.14 in this give Eqs. 4.15 and 4.16. 
−𝐼𝐵_𝑆𝑀𝐸𝑆 = (𝑉𝑏𝑢𝑠 − 𝑉𝑟) ∙ 𝑘𝑆𝑀𝐸𝑆 4.14 
𝑑1 =
(𝑉𝑏𝑢𝑠 − 𝑉𝑟) ∙ 𝑘𝑆𝑀𝐸𝑆
𝐼𝑆𝑀𝐸𝑆
 4.15 
𝑑2 = 1 +
(𝑉𝑏𝑢𝑠 − 𝑉𝑟) ∙ 𝑘𝑆𝑀𝐸𝑆
𝐼𝑆𝑀𝐸𝑆
 4.16 
𝐼𝑆𝑀𝐸𝑆 and 𝑉𝑏𝑢𝑠 values are both determined by measurement. 𝑉𝑟 is the pre-defined value. 
Therefore, the conduction duty ratio 𝑑1 of M1 during the charge condition and duty 
ratio 𝑑2 of M2 during discharge condition may be readily calculated. As a result, the 
charge/discharge current of the SMES may be easily regulated using a DC/DC 
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converter and droop control. In addition, during the stand-by condition where the 𝑉𝑏𝑢𝑠 
is equal to predefined reference value 𝑉𝑟, 𝑑1 = 0 and 𝑑2 = 1, which simply requires 
that M1 is held constantly off and M2 constantly on. 
4.3.3 Droop coefficient study 
As introduced at the very beginning, the droop control is capable of combining multiple 
ESSs according to their own features by selecting different droop coefficients. However, 
to the author’s best knowledge, there is no previous work describe how to determine 
the different droop coefficients for different ESSs. In addition, the capacities of the 
battery and the SMES may limit the performance of the hybrid control. Therefore, the 
control strategy needs to be designed with the consideration of both the sizes of the 
battery and the SMES. In this section, a new method which takes the sizes and various 
constraints of the ESSs into account is proposed to give the reasonable ranges of the 
droop factors for both the battery and the SMES. 
A. The droop coefficient for the battery 
Reduction of peak battery current is one of the advantages of HESS. The battery 
manufacturers often give an optimal range of battery discharge current beyond which 
the voltage of the battery will drop more substantially. Therefore, the battery maximal 
current 𝐼max _𝑏𝑎𝑡 should not be higher than the maximum current limit 𝐼𝑚: 
 
𝐼max _𝑏𝑎𝑡 ≤ 𝐼𝑚 4.17 
The largest energy deficiency can be estimated by integrating the power in the largest 
net power fluctuation cycle with the fluctuation duration t:   
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The battery provides long-term energy storage in the HESS, which offers energy 
support for the system. The battery charge/discharge currents are determined by the 
droop controller. The battery should be able to buffer the largest energy 
deficiency 𝐸𝑚𝑎𝑥. Hence, the battery maximal current in the duration t should meet the 
condition as Eq. 4.19  
𝐼max _𝑏𝑎𝑡 ∙ 𝑉𝑏𝑎𝑡 ∙ 𝑡 ≥  𝐸𝑚𝑎𝑥 4.19 
Based on Eq 4.6, the battery maximal current is given by:   
𝐼max _𝑏𝑎𝑡 = (𝑉max _𝑏𝑎𝑡 − 𝑉𝑟) ∙ 𝑘𝑏𝑎𝑡 4.20 
Hence, using Eq. 4.17 to Eq.4.18, a range for 𝑘𝑏𝑎𝑡 can be obtained: 
 𝐸𝑚𝑎𝑥
𝑉𝑏𝑎𝑡(𝑉max _𝑏𝑎𝑡 − 𝑉𝑟) · 𝑡
≤ 𝑘𝑏𝑎𝑡 ≤
𝐼𝑚
𝑉max _𝑏𝑎𝑡 − 𝑉𝑟
 4.21 
B. The droop coefficient for the SMES 
The SMES has low energy density but high power capacity and is controlled to charge or 
discharge quickly to deal with most of the immediate power surplus or deficiency. Hence the 
maximal SMES current should be high enough to meet the maximum net power requirement, 





Based on the Eq 4.6, the battery maximal current can be obtained as: 




(𝑉max _𝑆𝑀𝐸𝑆 − 𝑉𝑟) ∙ 𝑉𝑆𝑀𝐸𝑆
 4.24 
4.3.4 Methodology discussion 
The power fluctuations on the AC side cause DC bus voltage oscillations. Based on the 
droop control method introduced in this chapter, the energy storage units are controlled 
to contribute to regulating the DC bus voltage, and hence attenuate the power 
fluctuations. Therefore, the presented control method is applicable more generally to 
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address power fluctuation mitigation. Moreover, in the droop coefficient study, the 
energy storage capacities are successfully coupled with the droop control, with makes 
the control method more effective and more convincing. It also should be figured out 
that, in this study, the SMES and the battery are controlled as a voltage source to 
maintain the DC bus voltage within the desired range. Topologically, the energy storage 
units (SMES and battery) can be replaced by other energy storage devices e.g. 
supercapacitors. 
However, the disadvantages of the droop control cannot be neglected. First of all, it is 
a challenge to determine the optimal droop factors for different units. Many factors need 
to be considered, such as the system constraints, different power applications and 
different characteristics of the ESSs. Any changes of the system parameters may lead 
to a failure of the control. Secondly, in the case of adding new devices, the total droop 
method needs to be redesigned which means the droop method may be less flexible.  
4.4 Conclusions 
The methodologies for the SMES/battery HESS are introduced in this chapter. 
Three kinds of the PMSs are summarised. The advantages and disadvantages of each 
method are discussed. In respect of the different features of the PMSs, their application 
occasions are investigated. Additionally, a case study is introduced to describe the 
detailed implementation of the power-dominate PMS in an electrical vehicle system. 
A sizing algorithm which takes advantages of the different features of the ESSs in the 
HESS is developed. The different energy and power demands for the battery and the 
SMES are considered in the sizing method; hence, the energy and power 
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complementary function of the HESS is enabled. A case study is carried out to give an 
introduction to the implantation of the proposed method. The case study also highlights 
anther merit of the sizing algorithm in that it is able to solve the over-sizing issue of the 
SMES. 
A novel use of a droop control method for controlling the power sharing between the 
SMES and battery is proposed. By selecting the optimal droop coefficients for the 
different ESSs, the charge and discharge priority of the SMES and the battery are 
differentiated according to the power situations. The implementation of the droop 
control in the DC/DC converters is introduced for both the SMES and the battery. The 
droop coefficient study which successfully couples with the system constraints is also 
presented. 
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Chapter 5 Experimental 
Verification 
5.1 Introduction 
The proposed SMES and battery hybrid scheme together with its control method is 
tested experimentally to be used in a CHP system. The background is introduced at the 
beginning of this chapter. Then the experimental platform setup and the Hardware-in-
the-loop (HIL) circuit is described in detail. The capacities of the battery and the SMES 
in the HESS are estimated by the sizing method presented in Chapter 4. The 
performance of the HESS together with the PMS and the hybrid energy storage control 
are verified by the RTDS and the HIL platform.  
This chapter is organised as follows. The background of the application case of the 
proposed HESS is discussed in Section 5.2. Section 5.3 gives an instruction of the 
RTDS. Section 5.4 introduces the HIL circuit and the hardware used in this experiment. 
Section 5.5 gives the system power management. The laboratory test system and the 
experimental results are given in Section 5.6. After that, the conclusions are presented 
in Section 5.7. T. 
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5.2 Background 
Developing a more efficient energy system using existing energy conversion 
infrastructure is considered a vital transitionary pathway to a low carbon future by both 
policy makers and academic experts [125-127]. One of the most promising technologies 
in achieving this transition is micro-combined heat and power systems [127-130]. M-
CHP systems which broadly range from 1 kW and 15 kW in capacity [127, 129-131], 
are able to take advantage of the waste heat from the heat engine for building heating 
and hot water requirements. By harnessing the wasted thermal energy, the overall 
efficiency of m-CHP can be raised to over 80%, up from approximately 20% for an 
equivalent rated generator [126, 128, 132, 133] thus dramatically increasing primary 
energy savings. 
The buildings and housing sector account for a significant proportion of the primary 
energy demand: about 60% in the EU [134], over 50% in the UK [135] and averaging 
approximately 40% in most developed countries [136]. Many previous works have 
investigated the benefits of using m-CHP in a domestic setting. Maghanki, et al. 
conclude from an energy perspective that the m-CHP is able to meet most of the 
domestic thermal energy demand, achieving over 20% energy saving index[128]. The 
m-CHP system is predicted in [131] to meet about 25%-46% of annual energy demand 
of a typical British household, together with achieving over 40% reduction in the peak 
electrical load in the winter days.  
However, energy balancing is one of the major challenges for the effective application 
of m-CHP in a residential context. Several factors combine together to exacerbate this 
problem, namely: (a). load demands are highly fluctuating, often with random seasonal 
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components, which may cause intermittent bi-directional flows of electricity [131, 137]; 
(b). tariff design impacts the operation of m-CHP, which makes the power balancing 
more complicated [125, 138], (c). the thermal energy and electric power demands often 
do not coincide with each other [137, 138]. To solve these problems, localised energy 
storage systems have therefore often been proposed as a complementary technology to 
m-CHP [125, 139, 140]. M-CHP systems with high heat to power ratio are more 
suitable for domestic applications where the power demand is continuously much lower 
than the heating demand [138]. In such systems, the CHP is dispatched to follow the 
heating load, which gives a stronger indication for electrical energy storage than 
thermal storage. This chapter therefore mainly focuses on the electric storage system in 
a residential m-CHP system. 
Battery energy storage systems have high efficiency, large energy density, high levels 
of robustness and the inherent ability to load time-shift and are therefore widely used 
in many power applications. However, the battery has a very low power density 
resulting in a slower response speed to fluctuations in demand [97]. Moreover, the short 
life-span of the lead-acid battery discourages its usage [73]. The highly variable output 
and demand mismatch of a residential m-CHP lead to more discharge and charge cycles 
and also accelerates the battery’s degradation process, resulting in shorter battery 
service life and increased battery replacement costs. To address these problems, the 
inclusion of another complementary storage, to form a hybridised energy storage 
system (HESS) has therefore been the focus of this study. 
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Fig. 5.1 The residential m-CHP system with the SMES/battery HESS 
Fig. 5.1 shows the configuration of the proposed domestic power system including the 
m-CHP, the battery, the SMES, power converters, the grid and the load demand. The 
battery and the SMES are controlled using bidirectional DC/DC converters and then 
interfaced with the AC bus by a DC/AC converter. All the power converters are 
modelled using the small-time-step model in the RTDS [141], and the novel control 
algorithm is implemented in the external hardware. The SMES are modelled as an 
equivalent large inductance using the method described in [14, 111]. The dynamic 
battery model that described in [73] is able to represent the battery current and depth of 
discharge (DOD) variations is developed in the RTDS. The parameters of the battery 
and the SMES subsystem are given in detail in Section 5.3.2. In the UK, the m-CHP 
rated at up to 16 A per phase and therefore prime mover capacities of up to about 2.7kW 
are of interest [131]. As this study mainly focuses on electric energy part, the m-CHP 
is built using the method described in [142] and the heat generation from the CHP is 
not considered. 
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5.3 Real-time digital simulator 
The simulation is a powerful tool for verification of the proposed power system with 
the HESS. However, the effectiveness of the simulation much depends on the accuracy 
of the power modules and the algorithm built in the software. To some extent, the real-
time experiments are more convincing than the simulations. In this study, the proposed 
hybrid energy storage was designed to be used in the domestic power system. Even the 
rated power is not very high, it is very difficult to build a real domestic power system 
in the laboratory environment at the University of Bath. In additional, the proposed 
domestic system is grid connected; the security is also an important concern for testing 
the HESS design in the real system.  
The RTDS uses parallel processing techniques on rack-mounted processors to maintain 
continuous real-time digital simulation of a power system [143]. The benefit of real-
time operation means that the power system operates in its own closed loop and users 
are able to interact with the simulation in real time observing the effect of control 
actions. As a result, because of the real-time computing capability, the RTDS is 
regarded as the very effective tool for the experimental verification of power systems. 
The other significant advantage of the RTDS over the software simulation is that in the 
RTDS environment, all the signals and measurements are the real-time data, which 
make it is possible to interface the external hardware/devices to the RTDS. In this study, 
a very effective test platform is developed based on the RTDS and the hardware-in-
loop circuit. The effectiveness of the experimental method is analysed as follows:  
 Compared with the simulation works based on the software, the HIL and RTDS 
test platform is more convincing. 
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 The main contributions of this study are the design of the HESS concept and the 
power sharing control among the SMES and the battery. Therefore, it makes 
sense that establishing the power system in the RTDS and testing the control 
method in outside hardware controller (DSP). In this topology, the RTDS will 
generate real-time measurements which will be sent to the DSP in the external 
circuit.  The DSP will generate the physical control signals (PWM signals) 
which used to control the devices in the RTDS. As it can be seen from this 
process, the system is tested in the real-time, and the control algorithm is 
verified at an experimental level. 
 Because of the real-time computing capability, there is no need to build a real 
power system, which will save a lot of time and money. 
 The proposed experiment is more flexible. For example, the control system can 
be verified under various conditions easily and inexpensively. 
 The proposed experimental platform is safe and free from high currents and 
voltage. 
 The experiment based on the RTDS and HIL can be used as an intermediary 
step before implementation in an actual real world system. 
Therefore, it is very reasonable to establish the proposed RTDS and HIL platform to 
test the design of the HESS and its control. 
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5.4 Hardware in loop circuit 
 
Fig. 5.2 Hardware-in-the-loop (HIL) testing system 
In this section, the hardware in the real-time platform is introduced. Fig. 5.2 shows the HIL 
configuration which consists of the RTDS embed with the ODAC and GTDI cards, the 
analogue and the digital interfacing module and the DSP (TMS320F28335). The 
primary system is established and simulated in the RTDS. Analogue output is achieved 
through the onboard RTDS ODAC cards, which is responsible for converting the digital 
values from the RTDS to the analogue outputs. The analogue and the digital interfaces are 
used to connect the two hardware systems (the RTDS and the DSP). The function of the 
interfacing module is to process the output signals of the RTDS and the DSP and to make 
sure the input signals to each system are at the desired levels. The power management 
strategy and the HESS controller are implemented in the DSP. The DSP captures the 
analogue output signals from the ODAC card in RTDS and converts them to the digital 
signal by using the embedded ADC module. Then, based on the measurement data from 
PHD THESIS UNIVERSITY OF BATH CHAPTER 5 
  89 
the RTDS, the DSP generates the control signals. The control algorithms are also 
debugged in the DSP board. The PWM pulses generated by the DSP are read by the 
RTDS through its GTDI card.  
5.4.1 RTDS hardware 
 
Fig. 5.3 RTDS in University of Bath 
The RTDS consists of two types of processing units, and they are named by the RTDS 
Technologies Inc. as 3PC and GPC cards. The “3” in the 3PC card means three digital 
PHD THESIS UNIVERSITY OF BATH CHAPTER 5 
  90 
signal processors (ADSP−21062 SHARC Processors) and the clock frequency for each 
processor is about 40 MHz The 3PC cards are usually arranged in parallel to increase the 
computing speed. The RTDS hardware in the University of Bath as shown in Fig. 5.3, has 
ten 3PC cards, five in each rack.  Five 3PC cards are used in this study. There are also two 
Giga processor cards (GPC) in the RTDS in University of Bath, but they are not used in 
this study. The ODAC card and the GTDI card are embedded in the RTDS. The function 
of the ODAC card is to converter the digital values from the RTDS to the analogue outputs 
to the DSP. The GTDI card is responsible for reading the PWM signals from the DSP.  
5.4.2 Interface modules 
 
Fig. 5.4 The analogue and the digital interfaces used in the HIL circuit 
The interface modules are necessary to convert output signals between the RTDS and 
the DSP to acceptable input levels. As it can be seen from Fig. 5.2, two interfacing 
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modules are needed in the HIL circuit, the analogue and the digital interfaces (as shown 
in Fig. 5.4). The analogue interface module physically connected the analogue signal 
from the ODAC cards to the DSP ADC module. The ODAC card generates the 
analogue signal at ±10V, whereas the input signal for the DSP 28335 peaks at 3.3V. 
Hence the interface circuit is needed to level the signals. The situation for the digital 
signal back circuit is similar to the analogue one that out signal from the DSP 28335 is 
driven by 3.3V logic, whereas digital input port of the GTDI card takes 5V logic. 
Therefore, in the signal back circuit, a digital interface is also needed. 
5.4.3 The TMS320F28335 microcontroller 
 
Fig. 5.5 DSP TMS320F28335 
The microcontroller used to implement the control algorithm and generate physical 
PWM signals is the TMS320F28335 (as shown in Fig. 5.5) from Texas Instruments. 
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The software based on the C++ named Code Composer Studio (CCS) is used to develop 
the code for the control implementations. The detailed introductions of the 
TMS320F28335 are beyond the scope of this study. The very detailed description of 
DSP including the structures, the different registers and various functions can be found 
in reference [144]. 
5.5 Methodologies 
5.5.1 Power management strategy 
 
Fig. 5.6 The power management strategy 
To achieve coordination control of different devices, a power-dominated power 
management strategy is proposed as shown in Fig. 5.6. This strategy can be illustrated 
by the following a-f cases: 
a. In normal condition, the electrical power generated from the m-CHP (PCHP) will 
support the load demand (Pload), preferentially. 
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b. The m-CHP will charge the HESS when PCHP > Pload and the battery state of 
charge SOC < SOCmax, the up-limit of battery SOC (97%). It should be figured 
out that, the SMES has low energy density which means it cannot store much 
energy and in this study, the battery is designed as an energy buffer to the SMES. 
Hence, the battery state of charge is used as charge/discharge criterion of the 
HESS. 
c. The residential power system will export the electricity to the grid when 
PCHP >Pload and SOC ≥ SOCmax. 
d. The HESS system will discharge to meet the load demand when PCHP<Pload and 
SOC ≥ SOCmin (20%). 
e. The residential power system will also buy electrical power in two conditions: 
1. PCHP<Pload and SOC ≤ SOCmin or 2. PCHP<Pload and the time-of-use electric 
tariff is low. 
f. The grid will also charge the battery when the tariff is low and battery SOC ≤ 
SOCmax. 
The main function of the overall power flow control, in this study, is to obtain the power 
export and import requirements of the HESS. The six power flow paths also illustrate 
other key points of the overall power management strategy:   
 The electricity generated from the m-CHP is fully used in this system (shown 
by a, b and c).  
 The m-CHP, the HESS and the grid are all able to support the load demand 
(shown by a, d and e), hence load demand can always be met.  
 The HESS works as a kind of power transitional device shifting the power 
among the m-CHP, the load and the grid (shown by b, d and f), which means 
the energy storage system will undergo many reverse charge or discharge 
processes.  
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 The proposed domestic power system is able to either export or import the 
electric power according to the time-of-use electric tariffs (shown by c, e and f).  
 The battery is kept within a safe operating region by setting the up and bottom 
limits. 
5.5.2 System sizing and control parameters 
Based on the sizing algorithm given in Chapter 4, the battery is selected as 240Ah and 
the SMES is sized at 5.27 kJ. The battery and the SMES parameters are shown in Table 
5.1 and Table 5.2.  
Table 5.1 Battery subsystem parameters 
Battery type 60Ah lead acid 
Maximal discharge current limit 𝑰𝒎 29A 
Longest discharge time t at 𝑰𝒎 66s 
Battery bank capacity  240 Ah 
Largest energy deficiency 20.2kJ 
Battery bank structure  Two in series and two cell banks in 
parallel 
Battery bank terminal voltage  2×12 V 
Maximal voltage of the battery converter 540V 
DC bus voltage 500V 
Table 5.2 SMES subsystem parameters 
Inductance 0.47 H 
Normal current 150 A 
SMES voltage 120 
Maximal voltage of the battery 
converter 
520V 
DC bus voltage 500V 
Energy capacity  5.27 kJ 
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Based on Table 5.1, the range of 𝑘𝑏𝑎𝑡 is calculated as 0.32 to 0.72. The small 𝑘𝑏𝑎𝑡 value 
(𝑘𝑏𝑎𝑡 = 0.44) is selected in order to decrease battery peak current as much as possible. 
Based on the parameters in Table 5.2, the required droop coefficient value of the SMES, 
𝑘𝑆𝑀𝐸𝑆 , is seen to be 0.87 or more. Unlike the battery, the SMES is able to 
charge/discharge quickly at high current and high frequency without degradation. 
Hence, the maximum current is not limited by the SMES itself but by other factors such 
as the rated current of the interfacing DC/DC converter and the storage capacity or size 
of the SMES. To reduce the size of the SMES, the droop coefficient of SMES should 
be constrained to be the lower value. Considering the observational error (0.3-0.5%) 
the 𝑘𝑆𝑀𝐸𝑆 = 0.87 is selected to enhance system error tolerance. 
5.6 Real-time verification 
5.6.1 Laboratory test system configuration 
 
Fig. 5.7 The RTDS and HIL system configuration 
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A hardware in the loop test circuit is developed working together with the RTDS to 
verify the proposed control algorithm. As shown in the Fig. 5.7, the residential m-CHP 
system is built in the RTDS. To effectively verify the main contribution of this study, 
all the control algorithms are written in the external circuit using DSP.  
As shown in the Fig. 5.7, the signalling process may be illustrated in 5 steps:  
1. The parameters that used for the control are measured by the RTDS and sent to 
the interface as analogue data. 
2. The analogue output signals are captured by the DSP from the analogue 
interface. 
3. DSP generates the PWM control signals based on the measurement using the 
novel control algorithm 
4. The digital control signals are sent to the digital interface. 
5. The control PWM signals are read by the GTDI card in the RTDS and delivered 
to the converters.  
As a result, the converters in the RTDS is controlled by the proposed control 
algorithm that implemented in the outside DSP circuit. The sampling rate of the 
digital to the analogue card is 50 𝜇𝑠. The switching frequency of the converters is 
selected as 2.5 kHz in order to increase the resolution of the PWM signals. The 
normal DC bus voltage regarded as reference voltage in this system is 500 V, the 
initial SMES current is 150 A. 
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5.6.2 The results from the RTDS and discussion 
 
Fig. 5.8 Experimental results in the SMES/battery HESS 
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Fig. 5.9 Experimental results in the battery only system 
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Fig. 5.8 and Fig. 5.9 show the experimental results in two scenarios: the domestic power 
system with SMES/battery HESS and with battery only system. Using the PMS, the net 
power requirement for the energy storage can be obtained. Fig. 5.8 and Fig. 5.9 show 
the same power demand with the duration of 40 seconds (10s to 50s) in the two 
scenarios.  
As shown in Fig. 5.8, in the first 10 second, the power demand is -500 W (Power 
demand= load - generation) and this amount of power surplus will raise the DC bus 
voltage. However, in order to maintain the DC bus voltage in the desired range, the 
SMES current rises to 162 A and the battery has a negative current, which means both 
the SMES and the battery come into action to absorb the excess energy.  
Also, in Fig. 5.8, when the power demand becomes 500W in the following 10 seconds, 
the SMES current encounter with a dramatic decrease from 162 A to 114 A to discharge 
the stored energy. The battery current changes from negative to positive but compared 
with the SMES, the battery current climbing speed is much slower. This verifies the 
benefit of the HESS that the SMES is controlled to deal with the immediate power 
changes while the battery provides long-term energy support to compensate power 
fluctuations. In this way, the battery is protected from the abrupt high power changes.  
In the third 10 seconds, there is no surplus or deficient power flowing in the system, but 
as it can be observed from Fig. 5.8, the SMES current increases, which means the SMES 
is charged. In addition, when there is no power demand, the battery current does not 
come to the zero but stay in a positive value to discharge its energy. The reason for this 
phenomenon is that the SMES current is lower than the initial current hence the battery 
delivers its energy to charge the SMES. This situation further proved the HESS control 
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that the battery works as an energy buffer to the SMES and at the same time, is kept 
from the immediate change of state. 
In contrast to the SMES/battery HESS, Fig. 5.9 shows the system performance of the 
battery only case. As can be seen from Fig. 5.9, the battery current changes immediately 
with the power demand variations. These abrupt changes of the current will accelerate 
the battery degradation process hence reducing battery service life. In addition, the DC 
bus voltage is not as stable as that in the HESS and some cusps can be observed at the 
power change points. The zooming in figures of the DC bus voltage and the battery 
current at the power change point (20 s) may be used to explain the cause of the cusps. 
The lead-acid battery cannot response very quickly to the power demand, hence cause 
the delay of the charge/discharge current, resulting in the jut of the DC bus voltage.  
5.7 Conclusions 
This Chapter investigates the use of a SMES/battery hybrid energy storage system in a 
domestic power system with m-CHP. An overall system power management strategy is 
designed and the HESS droop control method is used in this study to prioritise the 
power demand sharing between the SMES and the battery. To verify the new control 
method, the hardware in the loop test circuit is established coupled with the real-time 
simulator. A representative domestic grid-connected power system with the m-CHP 
and the HESS is developed in the RTDS and the physical control signals are generated 
by the DSP in the external circuit. The experimental results show that the proposed 
methods are able to exploit the different characteristics of the SMES and the battery to 
meet the unbalance power in the residential system. The battery in the experiment is 
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protected from the continual short-term charge/discharge cycles and abrupt power 
changes and, as a result, the battery lifetime is improved.  
A quantitative analysis of battery lifetime extension in the HESS is also needed in this 
study. To give an accurate prediction of the battery lifetime, a long sample of the battery 
performance is needed. However, the laboratory experiment is always designed as a 
test system to show the short-term performance of the proposed HESS. A short time 
duration performance is not generally enough to present normal charge/discharge 
processes of the battery as the battery is working as the long-term ESS in the HESS. 
Therefore, the simulation verification of the HESS is very necessary. The following 
Chapter introduces the simulation works for battery lifetime extension evaluation.  
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Chapter 6 Battery Lifetime Extension 
and Associated Cost-benefit Analysis 
6.1 Introduction 
Chapter 5 presents the RTDS and HIL experiment to test the SMES/battery HESS in a 
domestic power system. As can be seen from the experimental results in Chapter 5, the 
battery is protected by the SMES from the frequent charges/discharges and abrupt 
current. The battery service time, therefore, is extended. Nevertheless, we cannot know 
from the experiment by how much lifetime the battery is improved. In consideration of 
the battery lifetime extension evaluation, long-term simulation work is needed. The 
simulation model is established in the Matlab/Simulink based on the same case as 
introduced in Chapter 6. The contribution of this chapter mainly lies in the quantitative 
analysis of the battery lifetime. The methodology is firstly introduced in Section 6.2. 
After that, the simulation results and discussions are given in Section 6.3. The extension 
of the battery lifetime may also have an impact on the long-term cost of the HESS. 
Hence, by taking advantage of the battery lifetime study, the cost analysis of the 
SMES/battery HESS is also presented in this chapter. 
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6.2 Simulation model 
 
Fig. 6.1 The flow path of quantitative analysis of the battery lifetime 
Fig. 6.1 gives the flow path to describe the quantitative analysis of the battery lifetime 
in this study. In the first step, the domestic power system is developed in the 
Matlab/Simulink. The battery and the SMES are controlled using two bidirectional 
DC/DC converters and then interfaced with the AC bus by a DC/AC converter. The 
battery and the SMES are established based on the work described in [14]. The 
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electrical performance of the grid-connected CHP system is modelled according to the 
method in [82]. The data of battery SOC and battery current during the simulation 
period can be obtained by running the simulation in Matlab. Then, the battery 
performance data are used as the key input to the battery lifetime prediction model. 
 
Fig. 6.2 Quantitative analysis of the battery lifetime extension 
The quantitative analysis method of the battery lifetime extension is shown in Fig. 6.2. 
As shown in Fig. 6.2, the input data for the algorithm is the battery depth of discharge 
data during the simulation time T. By using the battery lifetime model introduced in 
Chapter 3, the irregular charge and discharge cycles are resolved into sub-cycles and 
then recomposed into an array of full cycles. Then, three factors, the total cycle number 
N, the DOD of each rearranged full cycle and the C-rate of each cycle, can be obtained. 
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Based on the “cycle-to-failure” curve [14, 145], the embryo cycle number C(i) of 
battery at the DOD(i) can be obtained. Also, the impact factor µ(i) of the C-rate (i) can 
be calculated based on the battery lifetime modelling. The cycle number C(i) multiplied 
by µ(i) will return the battery degradation factor Cr(i).  
Then, the effect on battery lifetime of cycle i is d(i), where d(i)=1/Cr(i). With the given 






Therefore, the battery lifetime extension 𝐿𝑒𝑥𝑡is easy to calculate: 
𝐿𝑒𝑥𝑡 = 𝐿(𝐻𝐸𝑆𝑆) − 𝐿(𝐵𝑂𝑆) 6.2 
Where the 𝐿(𝐻𝐸𝑆𝑆) is the battery lifetime prediction in the HESS, and 𝐿(𝐵𝑂𝑆) is the 
prediction in battery only system. 
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6.3 Results 
 
Fig. 6.3 Simulation result in SMES/battery system (a) battery current (b) battery SOC 
(c) histograms of cycle numbers at different DODs 
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Fig. 6.4 Simulation result in battery only system (a) battery current (b) battery SOC 
(c) histograms of cycle numbers at different DODs 
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The long-term performances (24 hours) of the battery are compared between Fig. 6.3, 
the HESS, and Fig. 6.4, the battery only system. Comparison of Fig. 6.3 (a) and Fig. 
6.4 (a) illustrates that the battery in the HESS experiences significantly fewer high-
frequency fluctuations and polarity reversals. As a result, the state of charge (SOC) in 
the HESS (Fig. 6.3 (b)) undergoes fewer short-term charge and discharge cycles than 
that in the battery only system (Fig. 6.4(b)). Additionally, as can be seen from the two 
figures, the absolute value of the peak currents in the BOS is much higher than that in 
the HESS. Similarly with the current, the battery in the BOS has deeper DODs. 
Fig. 6.3 and Fig. 6.4 also give histograms to describe the cycle numbers of batteries at 
different depth of discharge in the battery only system and the HESS. The inputs are 
the battery state of charge data, which returns the cycle numbers at different depth of 
discharge. As can be seen from the histograms, the batteries undergo extensively fewer 
small-scale cycles and also a relatively lighter depth of discharge in the HESSs.  
Table 6.1 Comparison of battery lifetimes in the BOS and the HESS 
Scenarios Quantified Battery 
Lifetime (years 
Battery lifetime extension compared 
with BOS (%) 
BOS 6.2 0 
HESS 8.7 40.32% 
 
The battery service times are quantified, as shown in Table 6.1. In the case of the 
SMES/battery HESS, the predicted battery lifetime is 8.7 years, whereas that in the 
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battery only system is only 6.2 years. Hence, a 2.5 years (over 40%) extension of battery 
service lifetime is achieved. 
6.4 Cost-benefit analysis 
The superconducting energy storage system is costly because of the material cost and 
the high investment of the SMES is the main reason that discourages people from using 
it. However, in the hybrid energy storage scheme, with the integration of the battery, 
the size requirement for both the SMES and battery can be dramatically reduced. Also, 
compared with the battery only system (BOS), the hybrid design has the advantage of 
extending battery lifetime. As introduced in Section 6.3, the battery service life is 
quantitatively improved by 40% from 6.2 years to 8.7 years. Moreover, with the rapid 
development of superconductor manufacturing technology, there are more and more 
commercial companies around the world able to produce cheap superconducting tape, 
such as SuNam and Shanghai Superconductor [89, 90]. The price of superconductor 
has fallen from $60 per metre in 2012 to $22 per metre in 2016, which is a significant 
cost reduction in the last five years. Some published works also estimate that, in the 
future, it would be possible to reduce the price of superconductor to under $10 [91, 92]. 
Therefore, with the continuous development of superconductive material, it can be seen 
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Based on the sizing method, the SMES is selected as 5.27kJ and the battery is 240 Ah 
(60Ah each × 4 cells ). If only the battery energy storage system is used in the same 
situation, based on the same sizing method, an extra 24 battery cells are needed to meet 
the instantaneous power demand. Based on the SMES design method [67, 146] and the 
current superconductor price [91], the total cost of the 5.27kJ SMES is $44.8k, 
including the cryocooler. The unit price for the 60Ah lead acid battery is quoted as $245. 
The total lifetime of the energy storage project is assumed as 35 years. There is almost 
no lifetime degradation for the SMES system and, therefore, the SMES in the hybrid 
design does not need to be replaced. According to the lifetime analysis in Section 8.3, 
the battery in the hybrid scheme needs to be replaced four times, whereas, in the battery 
only system, the number is six. Table 6.2 illustrates the investments in the proposed 
two cases. 
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As shown in Table 6.2, the total cost of the SMES/battery hybrid system is higher than 
that of the battery only system by 18.37%. The estimation of Table 6.2 is based on the 
price of $22/m for the superconductor tape. 
 
Fig. 6.5 Comparison of the system costs 
However, as mentioned earlier, with the continuous development of superconductive 
material, the price of the superconductor has been falling and it is believed that the price 
will reduce down to at least $7.2/m in the near future [89, 91, 92]. Based on the same 
cost analysis method, the results indicate that the hybrid design will be more economical 
in the near future. As shown in Fig. 6.5, if the superconductor decreases to $7.2/m, the 
system cost of the hybrid energy storage will fall to $28,560, which is 30.6% cheaper 
than the battery only system. It should be noted that this cost-benefit analysis is made 
based on the simple situation and some factors such as the maintenance fee and the 
investment interest is not considered in this study. 
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6.5 Conclusions 
The quantitative analysis of the battery lifetime is introduced in this chapter based on 
the long-term simulation. The simulation results show that, as the SMES filters the 
high-frequency power fluctuations, the battery DOD and current in the SMES/battery 
HESS undergo significantly fewer polarity reversals than in the battery only system. 
The reduction in both the charge/discharge frequency and the discharge rate results in 
the improvement of the battery lifetime in the HESS. The battery lifetime mode 
presented in Chapter 3 is used to quantify the battery lifetime extension. The estimated 
battery lifetime for BOS is 6.2 years, whereas, with the HESS, it is significantly higher 
at 8.7 years, resulting in a 2.5 years (over 40%) improvement. The cost analysis is also 
carried out in this chapter and the SMES/battery HESS is shown to have an economic 
benefit in a long-term project. 
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Chapter 7 Conclusions 
7.1 Summary 
This dissertation has investigated the SMES/battery hybrid energy storage scheme with 
respect to the system design, sizing, control and evaluation. Both the simulations and 
experiments are implemented to assess the proposed hybrid system. The accomplished 
results can be summarised as follows:  
 As the extension of the battery lifetime is one of the key merits of the 
SMES/battery HESS. An original battery lifetime model based on a modified 
rain-flow cycle-counting algorithm has been developed in this thesis. The new 
method advances the previous ones by taking the C-rate into consideration and, 
hence, is able to return a more accurate prediction of battery lifetime.  
 To achieve the effective combination of two kinds of ESSs, an overall power 
management method integrating the different characteristics of SMES and 
battery is needed. Three kinds of power management strategies have been 
introduced to be used in the HESS for the power sharing between the SMES and 
the battery. The application of each PMS is summarised with respect to their 
advantages and disadvantages. The frequency-dominant PMS is recommended 
to be applied to wind power systems because of its good high-frequency power 
handling capability. The SMES is highly efficient in the SMES fully active PMS, 
but the practical constraints challenge the sound operation of SMES. Hence, it 
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is better to use this PMS for a power system in small scale. Both the SMES and 
the battery in the power-dominant PMS have high efficiency, but the design of 
the strategy is very complicated. Therefore, the power-dominant PMS is the 
ideal choice in the case of complex power situations. 
 The different energy and power demands for ESSs are considered in the sizing 
method to ensure the complementary function between the SMES and the 
battery. Working as the long-term storage in the HESS, the battery has large 
energy density and is very suitable for energy management functions. Whereas, 
the SMES is used as the short-term energy storage and, while it cannot store 
much energy, it can handle high-frequency power fluctuations. Therefore, it is 
reasonable to divide the sizing study into two steps. Firstly, in terms of energy 
dispatching requirement, size the battery to ensure that the load energy demand 
is always met. Secondly, regarding the high-frequency power fluctuation, 
determine the size of SMES. The relative sizing of the battery and the SMES 
capacities within a HESS is performed using the new method in a case study, 
which is also shown to benefit in addressing the SMES oversizing problem. 
 A novel use of a droop control method for controlling the power sharing 
between the SMES and battery has been introduced in this thesis. The novel 
control method is able to prioritise the power sharing between the SMES and 
the battery and manage the charge/discharge rates of the different ESSs by 
adjusting the droop factor to exploit different characteristics of the ESSs. The 
detailed implementation of the droop control method is also described. To verify 
the new control method, the hardware in the loop test circuit is established, 
coupling with the real-time simulator. A representative domestic power system 
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with the CHP and the HESS has been developed in the RTDS. The physical 
control signals are generated by the DSP in the external circuit. Experimental 
results show that the proposed method is able to control charge/discharge 
prioritisation and, hence, protect the battery from high power demand and rapid 
transient cycling.  
 The quantitative evaluation of the battery lifetime extension in the HESS has 
been presented in this thesis. The quantitative method has been introduced by 
the simulation work to enable the long-term operation and, hence, provide rich 
samples for the battery lifetime analysis. The simulation shows that the battery 
in the HESS undergoes significantly fewer small cycles than that in the battery 
only system. As a result, the battery lifetime can be extended by reducing the 
peak current and smoothing the sharp charge/discharge transient content. The 
battery lifetime model presented in Chapter 3 is able to quantify both the impacts 
of the charge/discharge cycles and current rates on the battery degradations and 
is exactly designed for these cases. The battery lifetime in the battery only 
system is estimated at 6.2 years, whereas, with the HESS, it is significantly 
higher at 8.7 years, resulting in a 2.5 years (over 40%) improvement, This is 
very meaningful for battery-based energy storage projects. The cost analysis is 
also carried out based on the simulation results and the SMES/battery HESS is 
shown to have an economic benefit in long-term operation. 
7.2 Further work 
The SMES in this study is modelled as a super-inductor. The SMES modelling method 
is according to published works [14, 147]. The detailed modelling, design and test of 
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the SMES at the device-level is another topic that is out of the scope of this study. 
However, when it comes to the implementation of the proposed methods in the real 
SMES system, additional constraints need to be considered. As the superconductivity 
can be maintained below the characteristic critical temperature, the temperature is 
undoubtedly a critical consideration for the SMES design. The critical current is defined 
as the maximum current the superconductive material can withstand while still 
maintaining its superconductivity. If the current in the SMES goes beyond the critical 
current (quench phenomenon), the SMES will lose the benefits and, worse still, the 
SMES coil may be totally destroyed. The critical current of the SMES greatly depends 
on the cooling system and SMES design. The temperature, the critical current and the 
SMES configuration are closely related to the real operation of the SMES; hence, this 
may impact the SMES control method. A new kind of control method may be proposed 
to be particularly designed for the SMES with consideration of its specific operation 
constraints.  
Although the critical current of the SMES has been considered in the coefficient factor 
study, the simple model of the SMES does not greatly reflect the relationship between 
the control method and the critical current in the simulation results. A more detailed 
modelling of the SMES coupling with the control method, involving superconducting 
factors (e.g. the temperature and the critical current), may be a novel proposal. 
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Fig. 7.1 Example of the multi-functional control strategy 
Moreover, as regards security concerns, the quench protection is necessary for the real 
operation of the SMES. The interaction between the quench protection algorithm and 
the SMES control method may generate innovative ideas about a multi-functional 
control strategy. For example, to maintain the SMES current in an optimal range, a new 
control topology, as shown in Fig. 7.1, may be efficient. In this control scheme, the 
battery works as an energy buffer to constantly maintain the SMES current at the 
desired value. Hence, the quench-protection function is enabled. Furthermore, due to 
the inductive characteristic of the SMES coil, the battery is protected from sudden 
currents. It should also be noted that Fig. 7.1 shows a type of conceptual control that is 
not implemented in this study and the ISMES_ref also needs to be explored according to the 
SMES quenching characteristics.  
A novel battery lifetime model has been presented to give a quantitative evaluation of 
battery lifetime extension in the HESS. With this method, the rate of the battery current 
is added as a new factor that causes battery degradation. The impact of the current rate 
is, therefore, quantified in the new model. The new algorithm is shown to give a more 
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accurate prediction of the battery service time. Nevertheless, there are still many other 
factors that are not included in the battery lifetime prediction method. For example, the 
environment temperature influences the electrochemical process of the battery and, 
hence, has an impact on battery lifespan, whereas the temperature is assumed as 20 
degrees Celsius (the indoor temperature) in this study. The battery lifetime model may 
be further improved by adding more ageing factors, such as the temperature and the 
current mean-values into the qualification. However, the main challenge in terms of 
further improvement may lie in the lack of accurate and abundant test data of the battery. 
A starting point would be to provide battery life curve data which reflect the effects of 
different stress factors on the battery ageing process. 
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